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 Addressing societal needs of improving the standard of living for the rising human population 
has placed a tremendous stress on the energy supply driving global economic growth.  Historically, 
such increased energy demands have been satisfied by the combustion (burning) of fossil fuels 
such as coal, oil, and natural gas.  However, the increased utilization of fossil fuels has come with 
a penalty: a rapid rise in the atmospheric carbon dioxide (CO2) levels, especially in the past few 
decades, with the daily average value crossing and staying above the 400 ppm mark in 2016 for 
the first time in recorded human history.  These increased CO2 levels (along with other greenhouse 
gases) have been shown to negatively affect the earth’s surface energy balance, leading to an 
increase in the global mean temperature anomaly (commonly known as global warming) and 
deleterious climate change effects.  Owing to the large scale and growing nature of excess CO2 
emissions (currently 4GtC yr–1), a variety of mitigation, adaptation, and utilization approaches 
need to be implemented together (the stabilization wedges approach), to enable the transition of 
modern society towards a carbon neutral future.   
 This dissertation focuses on one such CO2 utilization approach i.e., the renewable electricity 
driven electroreduction of CO2 to value-added carbon chemicals such as carbon monoxide (CO), 
formic acid (HCOOH), methane (CH4), methanol (CH3OH), ethylene (C2H4), and ethanol 
(C2H5OH).  These chemicals are currently manufactured on the industrial scale using fossil fuel 
based methods.  The renewable electricity driven electroreduction of CO2 could be a sustainable 
alternative to such methods.   
 This dissertation employs a multiscale approach to investigate both the system level 
technoeconomic and molecular level mechanistic aspects of CO2 electroreduction.  Chapter 2 of 
this dissertation introduces a comprehensive, yet easy to use, gross-margin model to evaluate the 
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technoeconomic prospects of CO2 electroreduction.  The model helps answer key questions such 
as: (i) what products are the best to produce? and (ii) what performance parameters are required to 
develop an economically viable process?  The model shows the commercialization of CO and 
HCOOH to be viable in the near future.  Interestingly, the model also shows that co-producing an 
economically less viable product (CH3OH, C2H5OH, C2H4) with a more viable product (CO, 
HCOOH) could be a strategy for offsetting the economic limitations on individual products.   
 Chapter 3 of this dissertation utilizes some of the technoeconomic insights gained in Chapter 
2 to develop an alternative CO2 electroreduction approach i.e., the co-electrolysis of CO2 and 
glycerol.  Thermodynamic analysis of the conventional CO2 electroreduction approach (i.e., CO2 
reduction at the cathode coupled to the oxygen evolution reaction (OER) at the anode) indicates 
the OER (and not the CO2 reduction) to be the energetically intense step, consuming nearly 90% 
of the electricity input.  Hence, identifying and utilizing anode reactions with lower energy 
requirements than the OER could result in a radical lowering (i.e., a step change) in the electricity 
consumption.  The results in Chapter 3 show that several alternate anode reactions can be utilized.  
In particular, the anodic oxidation of glycerol (waste byproduct of biodiesel production) in 
combination with the cathodic reduction of CO2 (co-electrolysis of CO2 and glycerol) seems 
promising, with the resulting system requiring 37-53% less electricity than the conventional CO2 
electroreduction process with the OER at the anode, thus drastically improving the techno-
economic prospects of CO2 electroreduction. 
 Chapters 4 and 5 of this dissertation focuses on analyzing the effect of electrolytes and 
developing better electrocatalytic systems for the electroreduction of CO2 to CO.  In Chapter 4, 
the effect of electrolyte concentration and the role of anions on the electroreduction of CO2 on a 
silver coated gas diffusion layer (GDL) electrode is studied using aqueous solutions of KOH, KCl, 
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and KHCO3.  Multiple fold improvement in the activity for CO was obtained on increasing the 
electrolyte concentration from 0.5 to 3.0 M with a maximum current density of 440 mA cm–2 (one 
of the highest values reported to date) being obtained at an energy efficiency of 42% when using 
3.0 M KOH as the electrolyte.  The electrolyte anions were found to play an important role in the 
process as well, with the onset potential of CO changing in the order OH– (–0.13 V vs. RHE) < 
HCO3– (–0.46 V vs. RHE) < Cl– (–0.60 V vs. RHE).  In Chapter 5, sub 5-nm gold nanoparticles 
supported on polybenzimidazole wrapped carbon nanotubes are reported as catalysts for the 
electroreduction of CO2 in a GDL electrode based alkaline flow electrolyzer.  An onset cell 
potential of just –1.50 V and an onset cathode potential of just –0.02 V vs. RHE was observed for 
CO production.  Additionally, activity levels as high as 99 and 158 mA cm–2 were obtained at cell 
overpotentials of just –0.7 and –0.94 V, respectively, corresponding to energetic efficiencies of 
63.8 and 49.3%.  These results represent the lowest onset cell and cathode potential as well as the 
highest activity for CO production at high energetic efficiency reported in the literature.  This 
electrochemical system was further used to interrogate the mechanism of CO2 electroreduction 
under alkaline conditions.  Combinations of the onset cathode potential data, Tafel slopes, and 
kinetic isotope effect demonstrated the rate determining step for CO production to be the pH 
independent single electron transfer step instead of the commonly assumed concerted proton 
electron transfer step, resulting in an intrinsic lowering of the overpotentials at high pH.   
 Overall, the studies reported in this dissertation provide both system and molecular level 
insights into the design of electrochemical processes, electrolytes, and catalysts for the 
electroreduction of CO2 at high levels of activity while minimizing the energy requirements.  Such 
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1.1 The Population, Energy, and Climate Change Challenge 
 The industrial revolution in the mid-18th century brought about a radical change in the way 
humans manufacture and transport goods around the world.  The revolution resulted in a sustained 
period of economic growth for the first time in human history, which in turn led to an improved 
standard of living for the general population.  The development of the Haber-Bosch process for 
ammonia production in the early part of the 20th century facilitated another radical change, this 
time in the agriculture sector1.  The ability to manufacture nitrogenous fertilizers at industrial 
scales, to assist the growth of food crops and thus feed the large and growing populations, was 
achieved.  Such technological revolutions in combination with the different socio-political changes 
occurring around the world resulted in a population explosion, with the world population 
increasing from around 700 million at the beginning of the industrial revolution to around 7.6 
billion today2.  Providing a better standard of living to the growing population (expected to rise to 
9 billion by 2050) requires the production of more consumer goods, the development of better 
infrastructure, and the development of better means of transportation, all of which will translate 
into further increases in the global energy demand (28% increase in global energy use projected 
for 2040 in comparison to 2015)3.   
 So far, the energy demands of the growing global population have been primarily met by the 
extraction and utilization of naturally occurring fossil fuel resources such as coal, oil, and natural 
																																																						
* Parts of this chapter have been adapted from the following publication: Verma, S., Nwabara, U. O., & Kenis, P. J. 
A. Carbon Based Electrodes and Catalysts for the Electroreduction of Carbon Dioxide (CO2) to Value Added 
Chemicals. Submitted as an invited book chapter. 
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gas.  While fossil fuels offer an incredibly dense source of raw energy, its consumption (burning) 
results in large scale anthropogenic carbon dioxide (CO2) emissions.  As a result, the atmospheric 
CO2 levels have risen from ~320 ppm in 1960 to more than 400 ppm in 2016 (Figure 1.1a)4.  CO2 
being a greenhouse gas has been shown to negatively affect the energy balance on earth, thereby 
correlating to deleterious climate change effects such as increased temperature anomalies 
(commonly known as global warming) as shown in Figure 1.1b, rising sea levels, and ocean 
acidification5,6.  Thus, developing technological solutions that can mitigate, reduce, or utilize 
excess anthropogenic CO2 emissions while maintaining and/or improving the standard of living 
for the growing world population (hence, satisfying the increased energy demands), remains one 
of the grand challenges of the 21st century7.   
 
Figure 1.1 (a) Concentrations of CO2 in the earth’s atmosphere measured from 1958 to present.  
The red and the black curve represents the monthly mean and the seasonally corrected data, 
respectively.  Reprinted from ref. 4 with permission from the National Oceanic and Atmospheric 
Administration.  (b) Earth’s surface temperature relative to the mean temperature from 1880 to 
1920.  Reprinted from ref. 5 under the creative commons attribution (CC-BY) license. 
 
1.2 Reducing Anthropogenic CO2 Emissions: The Stabilization Wedges Approach 
 In the early 2000s, Socolow et al. proposed the stabilization wedges approach to help design a 
framework for stabilizing and eventually reducing the excess anthropogenic CO2 emissions8.  The 
strategy suggested that owing to the enormous scale of excess CO2 emissions (on the order of 4 
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GtC yr–1)9, a variety of solutions (referred to as stabilization wedges) need to be implemented 
together.  The solutions include carbon intensity reduction methods such as increasing the energy 
efficiency of vehicles, buildings, and fossil fuel powered power plants, increasing the penetration 
of low carbon or renewable energy sources such as wind, solar, nuclear, and/or biofuels into the 
electricity grid and the transportation sector, as well as environment conservation techniques such 
as reduced deforestation, reforestation, afforestation, and conservation tillage.  Another emerging 
area of research is the utilization of CO2 as a renewable resource to produce value added products 
such as plastics, fire extinguishers, fire suppressants, refrigerants, carbon chemicals, etc., or utilize 
excess CO2 to drive industrial scale processes such as enhanced fuel recovery (Figure 1.2)10,11.   
 
Figure 1.2 An overview of the many ways in which excess anthropogenic CO2 can be utilized.  
Adapted from ref. 11 with permission from the U.S. Department of Energy’s National Energy 
Technology Laboratory. 
 
 Of the different CO2 utilization approaches, a technique garnering significant recent research 
attention is the electroreduction of CO2 to value added carbon chemical feedstocks such as 
formate/formic acid (HCOO–/HCOOH), carbon monoxide (CO), methanol (CH3OH), ethylene 
(C2H4), ethanol (C2H5OH), etc. (Figure 1.3)12-16.  When driven by intermittent renewable wind or 
solar electricity, CO2 electroreduction has the potential to be utilized as a platform process to store 
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excess electricity (when supply exceeds demand) or to manufacture industrially relevant carbon 
chemicals that are currently manufactured on the large scale using fossil fuel based feedstocks 
and/or require fossil fuel based energy to drive the process.   
 
Figure 1.3 (a) Schematic representation of the renewable electricity driven electroreduction of 
CO2.  Reprinted with permission from ref. 16.  Copyright 2014, American Chemical Society.  (b) 
Some of the value-added carbon chemicals that can be produced via the electroreduction of CO2.  
Reprinted with permission from ref. 15.  Copyright 2010, American Chemical Society. 
 
 This dissertation focuses on the electroreduction of CO2 to carbon chemicals such as HCOO–
/HCOOH, CO, CH3OH, C2H4, and C2H5OH.  This introductory chapter provides an overview of 
the thermodynamics and reaction pathways for the electroreduction of CO2 followed by a 
description of the figure of merits used to characterize electrochemical performance in this area.  
A concise review of recent progress made in the field with regards to the study and design of 
improved electrochemical reactors, electrodes, catalysts, and electrolytes is then presented.  Next, 
the chapter provides brief overview of key research challenges in the field followed by an outline 
of the research described in this dissertation. 
1.3 Electroreduction of CO2 to Value Added Carbon Chemicals 
Thermodynamics and Reaction Mechanism 
 A typical CO2 electrolysis process consists of a CO2 electroreduction reaction taking place at 
the cathode (negative) side of an electrolyzer coupled to an oxygen (O2) evolution reaction taking 
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place at the anode (positive) side of an electrolyzer.  Depending on the catalyst, electrolyte, or 
reaction condition being used, the electroreduction of CO2 can produce more than 16 different 
carbon products17-19.  Table 1.1 provides a list of select CO2 electroreduction products along with 
the standard reduction potentials (E0), standard cell potentials (E0cell), and number of electrons 
required (z)20.  A quick analysis of the E0 and E0cell values for different CO2 electroreduction 
products suggests that the energy requirements are very similar to that required for the electrolysis 
of water (H2O) to hydrogen (H2).  Hence, a common concern with many CO2 electrolysis processes 
(especially when utilizing aqueous electrolytes) is the parasitic H2 evolution reaction that tends to 
compete with the electroreduction of CO2 for catalytic sites.  Thus, the design of catalysts, 
electrolytes, and electrochemical reactors that can suppress the H2 evolution reaction and as a result 
enhance the CO2 electroreduction reaction remains an active area of research21-24.   
Table 1.1 Standard reduction potential (E0 in V vs. RHE), standard cell potential (E0cell in V), and 
number of electrons exchanged (z) for different products of CO2 electroreduction.  E0cell values are 
calculated assuming the O2 evolution reaction (4OH–à O2 + 2H2O + 4e–) at the anode with a E0 
value of 1.23 V vs. RHE.  All values reported under standard conditions of 1 atm and 25 ºC20. 
Product M (g mol–1) Cathode reaction z 
E0 
(V vs. RHE) 
E0cell 
(V) 
H2 2 2H2O + 2e– à H2 + 2OH– 2 0.00 –1.23 
HCOOH 46.02 CO2 + 2H2O + 2e– à HCOOH + 2OH– 2 –0.25 –1.48 
CO 28.01 CO2 + H2O + 2e– à CO + 2OH– 2 –0.11 –1.34 
CH3OH 32.04 CO2 + 5H2O + 6e– à CH3OH + 6OH– 6 0.02 –1.21 
CH4 16.04 CO2 + 6H2O + 8e– à CH4 + 8OH– 8 0.17 –1.06 
C2H4 28.05 2CO2 + 8H2O + 12e– à C2H4 + 12OH– 12 0.06 –1.17 
C2H5OH 46.07 2CO2 + 9H2O + 12e– à C2H5OH + 12OH– 12 0.08 –1.15 
 
 While the theoretical thermodynamic analysis of CO2 electroreduction suggests that the 
reaction requires fairly low amounts of energy to proceed, typically a very high overpotential (i.e., 
energy in addition to the thermodynamic minimum) is required23,24.  For the simple case of the 
electroreduction of CO2 to HCOO–/HCOOH or CO (i.e., a 2-step reaction), the formation of the 
rate determining CO2•– radical anion (E0 = –1.9 V vs. SHE) drives up the energy requirement for 
this process (Figure 1.4)25-27.  As a result, most of the catalysts and electrolytes designed and/or 
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studied for the electroreduction of CO2 (especially for HCOO–/HCOOH and CO production) aim 
at lowering the energy requirement for the formation of the CO2•– radical anion14,21-24,28.  The 
production of CO2 electroreduction products such as CH3OH, CH4, C2H4, and C2H5OH that require 
the transfer of more than 2 electrons is even more complex.  This is because many of the products 
involve the formation of multiple rate determining intermediates and/or share common 
intermediates (Figure 1.4)16,27,29.  Developing catalysts and/or electrochemical systems that can 
selectively stabilize the key intermediate without affecting the energetics of all the other species 
involved in the process remains a key catalysis challenge in the field.   
 
Figure 1.4 Schematic illustration of the reaction pathways for the electroreduction of CO2 to (a) 
CO, CH4, CH3OH, HCOO–, and (b) C2H4 and C2H5OH.  Potentials are reported vs. the reversible 
hydrogen electrode (RHE).  RDS = rate determining step.  Reprinted with permission from ref. 27.  
Copyright 2015, American Chemical Society. 
 
Performance Metrics 
 The performance of CO2 electroreduction systems are typically assessed in terms of eight 
different parameters namely cathode potential (Ecathode in V vs. RHE, SHE, SCE, Ag/AgCl, or 
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Ag/Ag+), cathode overpotential  (hcathode in V), cell potential (Ecell in V), cell overpotential (hcell in 
V), energetic efficiency for product ‘P’ (EEP in %), Faradaic efficiency for product ‘P’ (FEP in %), 
current density (j in mA cm–2), partial current density for product ‘P’ (jP in mA cm–2), and catalyst 
durability (tcatdur in hours)14,23,30.  The Ecathode, hcathode, Ecell, hcell, and EEP values represent the 
energetics (i.e., energy requirement) of the CO2 electroreduction process.  In particular Ecathode 
represents the energy required to drive the CO2 electroreduction reaction at the cathode whereas 
Ecell represents the overall energy required to drive both the CO2 electroreduction reaction at the 
cathode and the O2 evolution reaction at the anode.  Ecell can be defined according to Equation 1.1 
as follows: 
Ecell = Ecathode – Eanode 1.1 
 hcathode and hcell represent the energy required in addition to the thermodynamic minimum 
cathode reduction potential (E0cathode) and the cell reduction potential (E0cell), respectively.  
Assuming that the CO2 electroreduction experiments were performed under standard conditions 
of 1 atm, 25 ºC, and unit activity of all species involved, hcathode and hcell can be defined according 
to Equations 1.2 and 1.3 as follows: 
hcathode = Ecathode – E0cathode 1.2 
hcell = Ecell – E0cell 1.3 
 EEP or the energetic efficiency for product ‘P’ represents the 2nd law of thermodynamics 
efficiency for the electroreduction of CO2 to the product ‘P’ and is defined according to Equation 
1.4 as follows (assuming that the CO2 electroreduction experiments were performed under 








 Note that for CO2 electroreduction experiments performed under non-standard conditions 
(pressure, temperature, and activity of involved species different than 1 atm, 25 ºC, or unity, 
respectively), the equilibrium potential estimated using the Nernst equation should be used as the 
thermodynamic minimum for Equations 1.2-1.4 instead of E0cathode and E0cell31.  FEP or the 
Faradaic efficiency for product ‘P’ (also referred to as current efficiency) represents the selectivity 





∗ 100 1.5 
where z is the number of electrons exchanged to form the product ‘P’ (see Table 1.1 for a list of z 
values for the different products of CO2 electroreduction), n represents the moles of the product 
‘P’, F is the Faraday’s constant (96485 C mol–1), and Q is the amount of charge passed.  The 
current density (j) represents the overall activity or the electrochemical reaction rate.  Usually, the 
current density (j) values are obtained by normalizing the total current with the geometric surface 
area of the electrode being studied.  In rare instances, the electrochemically active surface area 
(ECSA) is used to normalize the current instead of the geometric surface instead.  For all the 
subsequent descriptions of j in this dissertation, we will be using the j values normalized by the 
geometric surface area as that represents the most common method of reporting current density 
data in the literature.  jP or partial current density for product ‘P’ represents the activity or the 
electrochemical reaction rate for the formation of product ‘P’ and can be calculated according to 
Equation 1.6. 
*P = * ∗ $!P 1.6 
Finally, tcatdur represents the durability of the catalyst under investigation or in other words for how 




 The early pioneering work in the area of CO2 electroreduction was performed by Yoshio Hori 
and co-workers at Chiba University in Japan in the 1980s and 1990s where they screened different 
transitions metals to classify them according to their activity and selectivity towards different 
products of CO2 electroreduction18,19.  Since then, significant research efforts have focused on the 
study, design, and development of electrochemical reactors, electrodes, catalysts, and electrolytes 
that can improve the activity and selectivity of CO2 electroreduction towards a target product.  This 
section provides a brief overview of the promising efforts being undertaken in this area.   
Electrochemical reactors and electrodes: Typical lab scale CO2 electroreduction studies are 
performed using either an analytical H-cell or a 3-electrode cell and/or employ a CO2 saturated 
aqueous electrolyte as the source of CO2 feed17,32,33.  However, the solubility of CO2 in aqueous 
solutions is low (~35 mM under ambient conditions)34.  Hence, studies using dissolved CO2 as the 
reactant feed are typically limited by the mass transport of CO2 to the electrode surface and result 
in low activity (current densities much less than 50 mA cm–2).  An alternative to using dissolved 
CO2 as the reactant feed would be the use of a gas diffusion layer (GDL) electrode based flow 
electrolyzer as demonstrated by us and others35-44.  The setup consists of a catalyst coated GDL 
cathode and a catalyst coated GDL anode separated by a flowing electrolyte stream (for a single 
electrolyte channel flow electrolyzer) or two flowing electrolyte streams separated by an anion 
exchange membrane (for a dual electrolyte channel flow electrolyzer).  The GDL electrode forms 
the most important component of this setup as the porous structure of the GDL enables a 
continuous supply of CO2 to the electrode-electrolyte interface (i.e., surface at which the CO2 
electroreduction reaction takes place), thus avoiding mass transport limitations associated with the 
low solubility of CO2 in aqueous solutions, resulting in high activity (current densities typically in 
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the 100-500 mA cm–2 range).  The use of a flowing electrolyte further enables the study of 
electrolytes with alkaline pH without having to worry about significant carbonate formation and/or 
precipitation45.  Furthermore, the results obtained with a GDL electrode based flow electrolyzers 
can in principle be scaled to industrial scale stacks by imagining combining multiple of these flow 
electrolyzers to form a stack.  The reader is referred to an excellent in-depth review by Endrődi 
and co-workers on the different CO2 electrolyzer designs utilizing a continuous CO2 stream as the 
reactant feed46.   
Catalysts: Hori and co-workers in their early seminal work classified transition metal catalysts for 
the electroreduction of CO2 into four different groups on the basis of their selectivity towards 
different products18,19.  The first group of metals, bismuth (Bi), cadmium (Cd), tin (Sn), indium 
(In), thallium (Tl), mercury (Hg), and lead (Pb) showed selectivity towards the electroreduction of 
CO2 to HCOO–.  The second group consisted of metals like gallium (Ga), palladium (Pd), zinc 
(Zn), silver (Ag), and gold (Au) that were selective towards the electroreduction of CO2 to CO.  
The third group consisted of copper (Cu), the only catalyst that showed selectivity towards 
production of a variety of hydrocarbons and oxygenates such as CH4, C2H4, C2H5OH, and 
propanol.  The fourth group consisted of transition metals such as titanium (Ti), platinum (Pt), iron 
(Fe), and nickel (Ni) that did not show any CO2 electroreduction activity and thus resulted in 
parasitic H2 evolution.  Since this seminal work by Hori over 25 years ago, a variety of catalyst 
design strategies such as nanostructuring, alloying, surface strain engineering, doping, and the use 
of catalyst supports have been employed to either improve the intrinsic activity of catalytic sites 
or increase the number of catalytic sites (Figure 1.5).  See some excellent recent reviews by 
Larrazabal et al. 24, Seh et al. 47, Qiao et al. 28, and Khezri et al. 48, for an in-depth analysis of the 




Figure 1.5 Schematic illustration of the different classes of catalytic materials developed in the 
literature for the electroreduction of CO2 alongwith the different design strategies being employed.  
Reprinted from ref. 24 under the creative commons attribution (CC-BY) license. 
 
Electrolytes: In addition to the design and development of catalysts for the electroreduction of 
CO2, electrolyte engineering has also been investigated as an additional tool to develop active and 
selective electrochemical systems while reducing the energy requirements for the same.  For 
example, in our prior work in collaboration with Dr. Richard Masel we showed that the use of an 
aqueous solution of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM BF4; an ionic liquid) 
as the electrolyte significantly reduced the overpotential requirement for the electroreduction of 
CO2 to CO by stabilizing the rate determining CO2•– intermediate49.  The concept of using EMIM 
BF4 as the electrolyte was later followed up Masel et al. with the development of anion exchange 
membranes that incorporate an imidazolium group into styrene backbone50.  Stable CO2 
electroreduction performance of up to 6 months have been successfully demonstrated with these 
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anion exchange membranes.  In some other recent work, we have shown that the size of the 
electrolyte cation being used improves selectivity for the electroreduction of CO2 to CO by 
suppressing H2 evolution38, and the use of high concentrations of alkaline electrolytes lowers the 
overpotentials for CO2 electroreduction as well as improves activity in comparison to neutral 
electrolytes35-37,51.  The reader is advised to look at an excellent review by Sharma and Zhou that 
provides a detailed summary of the effect of electrolytes on the electroreduction of CO252. 
1.4 Summary and Outline of Dissertation 
 The electroreduction of CO2 to value added carbon chemicals offer interesting opportunities 
for recycling and/or reducing excess wasteful CO2.  However, even after over two decades of 
research, as summarized briefly in this chapter, the technoeconomic feasibility of the CO2 
electroreduction process remains questionable.  Furthermore, the design of electrochemical 
systems that can enable the selective conversion of CO2 at industrially relevant current densities 
while lowering the energy requirements, remains challenging.  Thus, the key objectives of the 
research described in this dissertation is to utilize both a system level technoeconomic and 
molecular level mechanistic approach to analyze, identify, and develop better electrochemical 
processes, electrolytes, and catalysts for the cost competitive and energetically efficient 
electroreduction of CO2 to value added chemicals.   
 Specifically, Chapters 2 and 3 focuses on the technoeconomic aspects of CO2 electroreduction 
whereas Chapters 4 and 5 focuses on the mechanistic aspects of CO2 electroreduction.  In 
Chapter 2, a new gross-margin based technoeconomic tool is described to identify the most 
economically viable products of CO2 electroreduction and to quantify performance benchmarks 
(activity, selectivity, and energy efficiency) required for the same.  Based on the technoeconomic 
insights gained in Chapter 2, a new electrochemical process of combining the electrooxidation of 
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glycerol (waste byproduct of industrial biodiesel production) at the anode with the electroreduction 
of CO2 at the cathode is reported in Chapter 3.  The new process requires up to 53% less electrical 
energy for the electrochemical conversion of CO2 to different C1-C2 chemicals in comparison to 
the traditionally used CO2 electroreduction systems with the O2 evolution reaction at the anode.  
In Chapter 4, the effect of different electrolytes on the electroreduction of CO2 to CO on silver 
based gas diffusion electrodes are analyzed with the aim of improving current density while 
lowering the energy requirements.  In Chapter 5, gold nanoparticles supported on 
polybenzimidazole wrapped carbon nanotubes are reported as active catalysts for the 
electroreduction of CO2 to CO.  The supported gold catalyst is further used to provide insights into 
the reaction mechanism and durability of CO2 electroreduction in an alkaline flow electrolyzer.  
Finally, in Chapter 6, a summary of the insights gained in this dissertation alongwith a proposal 
for strategies that can be utilized moving forward, is provided. 
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A Gross-Margin Model for Defining Technoeconomic Benchmarks in the 
Electroreduction of CO2 
2.1 Chapter Overview 
 This work introduces a gross-margin model to evaluate the technoeconomic feasibility of 
producing different C1-C2 chemicals such as carbon monoxide (CO), formic acid (HCOOH), 
methanol (CH3OH), methane (CH4), ethanol (C2H5OH), and ethylene (C2H4) via the 
electroreduction of CO2.  Key performance benchmarks including the maximum operating cell 
potential (Vmax), minimum operating current density (jmin), Faradaic efficiency (FE), and catalyst 
durability (tcatdur) are derived.  The Vmax values obtained for the different chemicals indicate CO 
and HCOOH to be the most economically viable products.  Selectivity requirements (FE) suggest 
that co-producing an economically less feasible chemical (CH3OH, CH4, C2H5OH, C2H4) with a 
more feasible chemical (CO, HCOOH) can be a strategy to offset Vmax requirements for individual 
products.  Other performance requirements such as jmin and tcatdur are also derived and the feasibility 
of alternative process designs and operating conditions are evaluated. 
2.2 Introduction 
 Developing economically viable technologies that can stabilize and eventually reduce the 
rising levels of carbon dioxide (CO2) in the earth’s atmosphere (currently close to 400 ppm)1 
remains one of the grand challenges of the 21st century2,3.  Earlier, Socolow et al. proposed the 
stabilization wedge approach to help guide mitigation of the rise in atmospheric CO2 levels4.  Their 
																																																						
* Parts of this chapter have been adapted from the following publication: Verma, S., Kim, B., Jhong, H. R. M., Ma, S. 
& Kenis, P. J. A. A Gross-Margin Model for Defining Technoeconomic Benchmarks in the Electroreduction of CO2. 
ChemSusChem 9, 1972-1979, (2016).  Reprinted with permission.  Copyright 2016, Wiley-VCH Verlag GmbH & Co. 
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strategy entailed the simultaneous implementation of different methods that include increasing the 
energy efficiency of buildings and vehicles, moving from fossil fuel based power plants to 
renewable energy sources, as well as the capture and sequestration of CO2 from point sources such 
as coal fired power plants and cement plants.  Photochemical or electrochemical reduction of CO2 
to different value added C1-C2 chemicals such as carbon monoxide (CO), formic acid (HCOOH), 
methanol (CH3OH), methane (CH4), ethanol (C2H5OH), or ethylene (C2H4) could provide an 
additional option for a stabilization wedge5-9.  As a result of major technological advances in the 
area of wind and solar electricity generation, the cost of producing renewable electricity has 
steadily declined over the last decade with a recent US DOE report indicating wind energy 
generation at a cost as low as $0.02 kWh–110.  Using cheap, readily accessible renewable energy 
for electrochemical CO2 reduction provides an attractive approach for producing carbon chemical 
feedstock in a carbon neutral way.  The process can be utilized to solve the problem of 
intermittency of renewables by storing excess renewable electricity as chemical energy when grid 
supply exceeds demand.  In addition, the technology has the potential for being implemented on 
an industrial scale faster than some other competing technologies such as direct photochemical 
CO2 reduction. 
 In the early 1990’s, Hori et al. performed a comprehensive screening of different metal 
electrodes to determine their selectivity and activity towards different products of CO2 
electroreduction11,12.  Transition metals such as Au, Ag, and Zn were found to be selective towards 
CO production, while Pb and Sn exhibited selectivity towards HCOOH production.  Cu was the 
only metal electrode that could produce C2 chemicals such as C2H5OH and C2H4 at significant 
levels of selectivity (>5%).  Since then, numerous research efforts have focused on developing 
new catalysts13-26, analyzing the effect of different electrolytes27-35, developing new electrolyzer 
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designs36-39, comparing different methods of electrode preparation40, and optimizing process 
conditions41-43 to identify design rules for improving the selectivity and activity of CO2 
electroreduction towards a particular product. 
 This work reports a technoeconomic analysis for the electroreduction of CO2 to different value-
added chemicals and fuels.  Performance of a particular catalyst or a reaction system in the area of 
CO2 electroreduction is usually defined in terms of four parameters, i.e., (1) the current density (j) 
that signifies the total productivity or activity of the catalyst; (2) the operating cell potential (V) 
that signifies the amount of energy required to form a particular product; (3) the Faradaic efficiency 
(FE) that signifies the selectivity towards a particular product; and (4) the catalyst durability 
(tcatdur).  Although some technoeconomic analyses for the electroreduction of CO2 have been 
reported in the literature44,45, a comprehensive yet easy to use analysis tool explicit in terms of 
different variables (such as catalyst cost, electricity cost, electrolyzer cost, separation cost, interest 
rate, consumable chemical cost, and market price of the product) that can provide benchmarks for 
a variety of CO2 electroreduction products is still lacking.  We report a gross-margin model here 
to fill in such a gap.  Gross-margin models are often used across the manufacturing/chemicals 
industry to assess the profitability of different products and processes46,47.  Here, we utilize such a 
model to evaluate the economic viability of CO2 electroreduction to different C1-C2 chemical and 
fuels.  Using the model, we also calculate the performance targets required in terms of maximum 
operating cell potential (Vmax), minimum operating current density (jmin), Faradaic efficiency (FE), 
and catalyst durability (tcatdur) for an economically viable process of electrochemical CO2 
reduction.  A comparison of the Vmax values obtained for the different products and operating 
conditions with the absolute value of the standard cell potential (|E0cell|) helps answer some key 
questions:  What specific products should be produced? What level of selectivity (FE) is required 
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for such a product?  The question of selectivity is rather important for two main reasons.  First is 
the debate between whether to selectively produce CO as a lone product or to produce a mixture 
of CO and H2, i.e., syngas as a product of CO2 electroreduction.  The second question is the 
selective production of chemicals such as CH4, CH3OH, C2H5OH, and C2H4, which currently is 
difficult to achieve.  Existing electrocatalysts exhibit low selectivity due to the existence of a 
scaling relationship between the binding energies of rate limiting intermediates and the 
commonality in rate determining steps39,48,49.  The gross-margin model reported here provides an 
economic basis to answer the aforementioned questions.  We further use the model to study the 
effect of parameters such as catalyst durability and cost on jmin requirements.  Such an analysis of 
the different parameters affecting the economics of the overall process provides a valuable 
perspective on research directions that should be pursued and can thus help guide electrochemical 
CO2 reduction towards economic viability. 
2.3 Gross-Margin Model 
 The gross margin is defined as the difference between the revenue and the cost of goods sold 
divided by the revenue50.  The model does not take into account tax payments, cost of personnel, 
equity, and other overhead expenses.  Since most of the products of electrochemical CO2 reduction 
are commodity chemicals, we assume a base case gross margin of 30% (i.e., the average value 
across the commodity chemicals market)46,47 for the process to be economically viable (Equation 
2.1).  Moreover, since the gross margin required for a particular chemical may vary from case to 
case depending on market demand, we will also perform a sensitivity analysis using gross margin 
values of 15% and 45% later in this work.   
Revenue− Cost of goods sold
Revenue
> 0.3 2.1 
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 The electrolyzer design we consider here is similar to a polymer electrolyte membrane (PEM) 
fuel cell.  Electroreduction of CO2 can be performed in such a device by applying an external 
potential.  The production scale is assumed to be of the order of DOE H2A Forecourt analysis for 
water electrolysis, i.e., 1500 kg day–151.  The cost of goods sold is given by the sum of the product 
manufacturing and the product separation costs.  The product manufacturing cost comprises of the 
cost of the electrolyzer (λelectrolyzer), balance of plant (λBOP), catalyst (λcat), electrolyte (λelectrolyte), 
and electricity (λelectricity).  λBOP consists of the costs of different auxiliary electrolyzer components 
such as power electronics, control sensors, gas management, and electrolyte management.  The 
mathematical definitions of the terms are as follows:  





-electrolyte = .electrolyte'/ 
-electricity = 5*4/.E ∗ 10
67 
where Celectrolyzer is the hourly installment payment towards capital investment for setting up the 
electrolyzer ($ hr–1), Ccat is the catalyst cost ($ mg–1), Wcat is the catalyst loading (mg cm–2), CGDL 
is the cost of gas diffusion layer ($ cm–2), A is the surface area of the electrode (cm2), tcatdur is the 
catalyst durability (hour), Celectrolyte is the cost of electrolyte ($ mL–1), Q is the purge flow rate of 
electrolyte (mL hr–1), V is the cell potential (V), j is the current density (mA cm–2), t is the time 
(hour), and CE is the cost of electricity ($ kWh–1).  Since by definition, λelectrolyzer, λcat, and λelectrolyte 
are terms independent of j, we can combine them to form a single parameter λ.  According to the 
DOE Forecourt analysis, λ makes up 41% of the overall capital cost, and the rest is λBOP51.   
 The product separation costs can be estimated using the Sherwood plot for separating dilute 
streams52,53.  According to the plot, the cost of separating a particular product from a mixture scales 
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inversely with the concentration of the product and can be represented by the equation kP/wP, where 
kP is the separation constant for the product ($ kgmixture–1) and wP is the weight fraction of the 
product in the mixture.  Thus, the overall cost of separating CO2 electroreduction products can be 
obtained by multiplying the cost of separation with the production rate (given by Faradays law of 
electrolysis) and is defined as follows: 
Cost of separation =






where M is the molar mass of the product (g mol–1), F is the Faraday’s constant = 96485 C mol–1, 
z is the number of electrons transferred in the electroreduction of CO2 to the product, and FEP is 
the Faradaic efficiency for the product (%). 
 Combining the definitions above provides an expression for the cost of goods sold as: 
Cost of goods sold =
-
0.41







 The revenue for the process of electrochemical CO2 reduction is given by the selling price of 
the product. 
Revenue =
*4/ ∗ 36 ∗ 1067 ∗ FEP.P <
$%
 2.4 
where CP is the market price for the product ($ kg–1).  Combining Equations 2.3 and 2.4 with 
Equation 2.1 gives:  
*4/ ∗ 1067 ∗









Since the right-hand side is a positive quantity, the left-hand side should also be a positive quantity.  
Rearranging the terms between brackets in Equation 2.5 results in an expression for the maximum 
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operating potential (Vmax) that can be used to drive the process of CO2 electroreduction in an 
economically viable manner: 







 The minimum operating current density (jmin) required for an economically viable process of 
CO2 electroreduction can be derived by rearranging the left-hand side of Equation 2.5, resulting 
in: 
*operating > *min =
-
0.41 ∗ 1067 ∗ 4/.E 5max − 5
 
2.7 
2.4 Results and Discussion 
Identifying Suitable Operating Cell Potentials 
 Before deriving the Vmax requirements for the different products of CO2 electroreduction, we 
validated the gross-margin model against H2 production via water electrolysis.  CP for H2 was 
assumed to be $4.5 kg–1 54,55, and CE was assumed to be $0.06 kWh–1, i.e., the average price in the 
U.S56.  Since H2 production via water electrolysis requires minimal product separation from the 
exiting gas stream, we choose a value of kP = 0 for the calculations.  Equation 2.6 predicts that a 
maximum operating cell potential (Vmax) of 1.96 V will be required for economically viable H2 
production via water electrolysis.  State of the art water electrolyzers operate at a cell potential of 
1.6 V, which is lower than the Vmax predicted by our model57.  In other words, this analysis shows 
that the model appropriately provides a realistic upper bound for the operating potential for water 
electrolysis.  
 Vmax defined by this model should be utilized as the first criterion for economic feasibility.  If 
the absolute value of the standard cell potential (|E0cell|) for forming a particular product is higher 
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than the Vmax required for the same at a particular set of operating conditions, then identifying 
catalytic systems that can produce such products directly via CO2 electroreduction will not be 
possible.  So, this criterion should be used to examine what products are feasible to be produced 
at what operating potentials.  
 To estimate the Vmax required for different products of electrochemical CO2 reduction, we 
consider three different scenarios corresponding to three different values of CE.  These include 
$0.06 kWh–1 (corresponding to the average grid electricity price in the U.S. at this time), $0.04 
kWh–1 (corresponding to hydroelectric power generation in the state of Washington and the 
cheapest electricity price in the U.S.)56, and $0.12 kWh–1 (the grid electricity price after including 
a $60 tonne–1 cost of CO2 capture)58. 
 Six major CO2 electroreduction products (i.e., HCOOH, CO, CH3OH, CH4, C2H4, and 
C2H5OH) were analyzed using the gross-margin model.  For the base case analysis, the CP values 
for CO and HCOOH were taken from the literature and the CP values for CH3OH, CH4, C2H4, and 
C2H5OH were obtained from different industrial as well as government price indices by averaging 
the data over a three-year time period from 2012 to 2014.  The values were taken as $1.2 kg–1, $1.2 
kg–1, $0.51 kg–1, $0.21 kg–1, $1.2 kg–1, and $0.8 kg–1 for HCOOH59, CO59, CH3OH60, CH461, 
C2H462, and C2H5OH63 respectively.  Since the CP values for the products fluctuate with time, we 
also consider a sensitivity analysis with CP ± 30% later in this work.  Furthermore, we assume a 
FEP of 100% for all the calculations.  For estimating the cost of product separation, we consider a 
kP value of $0.001 kgmixture–1 for separating the gaseous products from the exit gas stream as 
calculated earlier by Dahmus et al.64  Similarly, a linear fit in the commodity chemical (water, 
ethanol, and citric acid) section of the Sherwood plot reveals a kP value of $0.006 kgmixture–1 for 
separating liquid products from the exit electrolyte stream53.  Furthermore, we assume that the exit 
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streams are dilute in the CO2 electroreduction products and hence a weight fraction (wP) of 0.1 is 
utilized for our calculations.  
 At a CE of $0.12 kWh–1 that includes the cost of CO2 capture, the model shows that CO and 
HCOOH are the only products that are economically viable as Vmax is much greater than the |E0cell| 
required (Table 2.1).  Since our model does not take into account the cost of CO2 feed explicitly, 
a CE of $0.12 kWh–1 seems most relevant to assess practical application.  However, if the 
electrolyzer is placed next to a CO2 point source and hence can utilize flue gas directly42, or the 
process of CO2 capture can be combined with CO2 conversion35, then lower values of CE, i.e., 
$0.06 kWh–1 and $0.04 kWh–1 become relevant.  Such process design considerations are important 
to be explored as CH3OH, C2H4, and C2H5OH (larger market size!) become economically viable. 
Table 2.1 Maximum operating cell potential (Vmax) that can be utilized to form different products 
of CO2 electroreduction.  The E0 values are reported under standard conditions (1 atm and 25 °C) 
in aqueous media.  The E0cell values are calculated assuming the O2 evolution reaction at the anode 
with a E0 value of 1.23 V vs. RHE.  Values marked by * indicate economically viable conditions 
as Vmax > |E0cell|.  All other values indicate economically unfavorable conditions as Vmax < |E0cell|. 
Product CP ($ kg–1) 
M 
(g mol–1) Cathode reaction z 
E0 
(V vs. RHE)65 
|E0cell| 
(V) 
CE ($ kWh–1) 
0.04 0.06 0.12 
Vmax (V) 
H2 4.5 2 2H+ + 2e– à H2 2 0.00 1.23 2.94* 1.96* 0.98 
HCOOH 1.2 46.02 CO2 + 2H+ + 2e– à HCOOH 2 –0.25 1.48 16.74* 11.16* 5.58* 
CO 1.2 28.01 CO2 + 2H+ + 2e– à CO + H2O 2 –0.11 1.34 10.84* 7.23* 3.61* 
CH3OH 0.51 32.04 CO2 + 6H+ + 6e– à CH3OH + H2O 6 0.02 1.21 1.48* 0.99 0.49 
CH4 0.21 16.04 CO2 + 8H+ + 8e– à CH4 + 2H2O 8 0.17 1.06 0.26 0.17 0.09 
C2H4 1.20 28.05 2CO2 + 12H+ + 12e– à C2H4 + 4H2O 12 0.06 1.17 1.81* 1.21* 0.60 
C2H5OH 0.8 46.07 2CO2 + 12H+ + 12e– à C2H5OH + 3H2O 12 0.08 1.15 1.79* 1.19* 0.60 
 
 Recall that we mentioned earlier that the market price of the products is subject to fluctuations 
and the gross margin required to make a particular chemical economically viable may vary from 
case to case.  A sensitivity analysis pointed out the changes that might be expected in the Vmax 
requirements as a result.  We considered a ± 30% fluctuation in CP for the different products.  The 
gross margins were assumed to vary from 15% to 45% with 30% being our base case.  CE was 
assumed to be $0.12 kWh–1 for the calculations to account for the cost of CO2 capture.  Table 2.2 
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shows that even for the case of gross margin = 15% and a CP value 30% above the base case, the 
Vmax values for CH3OH, CH4, C2H4, and C2H5OH are below the |E0cell| values.  Therefore, to make 
the process of CO2 electroreduction to CH3OH, CH4, C2H4, and C2H5OH price competitive with 
existing technologies, alternate process design strategies such as starting with different raw 
materials (e.g., CO)66 or increasing the temperature and pressure of the electrocatalytic system to 
enter a different Gibbs free energy of formation regime should be pursued as research directions41.  
Due to the significantly larger market demand for CH3OH, CH4, C2H4, and C2H5OH than for 
HCOOH and CO, such approaches have the potential to provide a much larger stabilization wedge4 
to reduce CO2 emissions. 
Table 2.2 Sensitivity analysis to study the effect of fluctuations in product price (CP) and gross 
margin.  CP ± 30% and gross margin values of 15%, 30%, and 45% were used for the calculations.  
All values assume a CE = $0.12 kWh–1.  |E0cell| values are reported under standard conditions (1 
atm and 25 °C) in aqueous media and assume the O2 evolution reaction at the anode with E0 = 1.23 
V vs. RHE.  Values marked by * indicate economically viable conditions as Vmax > |E0cell|.  All 
other values indicate economically unfavorable conditions as Vmax < |E0cell|. 
Product CP ($ kg–1) 
Gross margin (%) 
|E0cell| (V) 15 30 45 
Vmax (V) 
HCOOH 
0.84 4.68* 3.78* 2.88* 
1.48 1.20 6.87* 5.58* 4.29* 
1.56 9.06* 7.38* 5.71* 
CO 
0.84 3.07* 2.52* 1.97* 
1.34 1.20 4.40* 3.61* 2.83* 
1.56 5.73* 4.71* 3.69* 
CH3OH 
0.36 0.40 0.32 0.23 
1.21 0.51 0.62 0.49 0.37 
0.66 0.84 0.67 0.51 
CH4 
0.15 0.07 0.06 0.04 
1.06 0.21 0.11 0.09 0.07 
0.27 0.14 0.11 0.09 
C2H4 
0.84 0.51 0.42 0.33 
1.17 1.20 0.73 0.60 0.47 
1.56 0.96 0.79 0.62 
C2H5OH 
0.56 0.50 0.40 0.30 
1.15 0.80 0.74 0.60 0.45 
1.04 0.98 0.80 0.61 
 
Analyzing the Effect of Faradaic Efficiency 
 To provide an answer to whether selectively producing CO, as the product of CO2 
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electroreduction is a better strategy than producing a mixture of CO and H2, i.e., syngas, we 
consider different ratios of CO and H2 and calculate the corresponding Vmax values using our 
economic model.  A CE of $0.12 kWh–1 was chosen for the analysis to incorporate the cost of CO2 
capture.  A gross margin of 30% was used for the analysis.  Vmax shows a linear scaling relationship 
with FECO, with the value being larger for a higher CO content (Figure 2.1).  As a consequence, 
co-producing H2 with CO can be a good strategy from an economic perspective, as the low Vmax 
requirements for producing H2 via water electrolysis are offset.  However note that if H2 is derived 
using natural gas reforming, then a lower production cost of $1.97 kg–1 can be achieved67.  For 
such cases, selectively producing CO and then combining H2 obtained from natural gas reforming 
can be an economically viable strategy as well. 
 
Figure 2.1 Calculated maximum operating cell potential (Vmax) for producing binary mixtures of 
CO with H2, CH3OH, and C2H5OH via electroreduction of CO2.  CE = $0.12 kWh–1, gross margin 
= 30%.  Reprinted with permission from ChemSusChem 9, 1972-1979, (2016).  Copyright 2016, 
Wiley-VCH Verlag GmbH & Co.   
 
 Additionally, we considered binary mixtures of CH3OH and C2H5OH with CO (Figure 2.1).  
In all cases, having CO as a side product relaxed the Vmax requirement for the products, as Vmax 
tends to scale linearly with FECO.  Moreover, co-producing a liquid product such as CH3OH and 
C2H5OH with a gaseous product, i.e., CO does not pose a difficult product separation problem.  As 
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a result, co-producing an economically less feasible product (CH3OH, CH4, C2H5OH, C2H4) with 
a more feasible product (CO or HCOOH) present in different phases can be used as a process 
design strategy to offset Vmax requirements. 
Identifying Suitable Operating Current Density 
 Equation 2.7 shows jmin to be a function of λ, V, Vmax, CE, and FEP. Estimates for λelectrolyzer 
were obtained from Battelle’s capital cost analysis for a 25 kW direct H2 PEM fuel cell stack68.  
The overall electrolyzer design was assumed to consist of 70 individual stacks.  Each individual 
stack (Figure 2.2) was made out of 106 cells.  As a result, the net active surface area of the 
electrolyzer was estimated as 296.8 m2 (Table 2.3).   
 
Figure 2.2 Schematic illustration of a CO2 electrolyzer stack.  Each stack consists of two 
aluminium end plates and 106 cells connected in series.  Each cell is made up of two bipolar 
graphite plates that sandwich a catalyst coated gas diffusion cathode, a PTFE electrolyte flow 
channel, and a catalyst coated gas diffusion anode layer.  Reprinted with permission from 




Table 2.3 Design parameters for the CO2 electrolyzer. 
Active area per cell (cm2) 400 
Total number of cells in a stack 106 
Total active area per stack (m2) 4.24 
Total number of stacks in the electrolyzer 70 
Total active area of electrolyzer (m2) 296.8 
Plant runtime per year (hours) 8000 
Interest rate (%) 5 
Loan term (years) 20 
 
 Liquid electrolytes were used for our analysis instead of the Nafion membrane used by Battelle.  
Liquid electrolytes are important to use for the case of CO2 electroreduction especially when the 
desired end result is the production of liquid products such as HCOOH, CH3OH, or C2H5OH.  To 
account for this change, a polytetrafluoroethylene (PTFE) based electrolyte flow channel with a 
thickness of 0.0625” was added to the design to replace the Nafion membrane69.  The change in 
the electrolyzer cost as a result of this modification was accounted for in the model.  The 
electrolyzer was estimated to run for 8000 hours per year.  Assuming the capital required for setting 
up this CO2 electrolyzer is taken as a loan at an interest rate of 5% for a period of 20 years, 
Celectrolyzer comes out as $1.73 hr–1 (Table 2.4). 
Table 2.4 Capital cost estimates for manufacturing the CO2 electrolyzer. 
Part Part total ($) Stack count Stack total ($) 
Aluminium end plate 40.24 2 80.48 
Bipolar graphite plate 6.81 107 728.67 
PTFE flow channel - - 1095.21 
Gaskets 2.62 212 555.44 
Tie Rods - - 40 
Capital cost per stack 2499.8 
Total electrolyzer cost 174986 
Celectrolyzer (hr–1) 1.73 
 
 The cathode catalysts used in the analysis were Sn, Au, Ag, and Zn with the anode catalyst 
being Pt.  A loading (Wcat) of 0.5 mg cm–2 was used for the analysis.  Ccat for Sn, Au, Ag, Zn, and 
Pt were assumed to be $1.5E-05 mg–1 70, $4.06E-02 mg–1 71, $5.5E-04 mg–1 72, $1.7E-06 mg–1 73, 
and $3.6E-02 mg–1 74, respectively.  2.0 M KOH solution at a purge flow rate (Q) of 5 mL min–1 
was used as the electrolyte with the Celectrolyte being $1.465E-04 mL–1 75.  Gas diffusion layers 
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(GDL) for the stacks were assumed to be 2 mm thick carbon paper dip coated with PTFE.  CGDL 
was taken as $ 0.006 cm–2 67. 
 To validate the jmin values predicted by the model, we once again analyzed the case of water 
electrolysis for H2 production.  A CE value of $0.06 kWh–1, tcatdur of 4000 hrs, |V| of 1.6 V, and kP 
of 0 (as no product separation required) were chosen as the design parameters.  Pt was assumed as 
both the cathode as well as the anode catalyst.  The model gave a jmin of 465 mA cm–2 for breaking 
even (gross margin = 0%) in a period of 20 years.  Current state of the art electrolyzers operate at 
a j ≈ 1 A cm–2 which corresponds to a gross margin of 23%.  Next, we estimate the jmin required 
for an economically viable process of producing CO and HCOO– at a FEP of 100%.  A CE value 
of $0.12 kWh–1 (to account for the cost of CO2 capture), tcatdur of 4000 hours, and a |V| of 2.25 V 
were considered for this analysis.  Au was chosen as the cathode catalyst for CO production and 
Sn as the cathode catalyst for HCOO– production.  Pt was the anode catalyst for both cases.  With 
these inputs, the jmin required for producing CO and HCOO– at a 30% gross margin are 212 mA 
cm–2 and 56 mA cm–2, respectively.  In addition, Figure 2.3 allows for determining certain other 
jmin values that meet our criteria for economic viability as a function of |V| and CE for the production 
of CO and HCOO–. 
 Since a significant fraction of the cost of CO and HCOO– production is due to the catalyst, we 
derive jmin as a function of tcatdur.  The results shown in Figure 2.4 indicate that jmin increases 
significantly for catalysts showing durability on the order of 2000 hours or less.  Catalyst durability 
of the order of 3000 hours or more should be targeted because the jmin value starts to level off after 
that.  Laboratory scale studies regarding catalyst durability for electroreduction of CO2 to CO and 
HCOOH typically have lasted less than 10 hours13-15.  Thus, research should focus on the design 
of catalysts that are stable over several 1000 hours.  Different catalytic support materials should 
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be explored as research directions to improve the stability of the current state of the art catalysts.  
However, note that electrocatalytic systems showing very high activity but low durability might 
still be economical as long as the system meets the jmin requirements derived using Equation 2.7. 
 
Figure 2.3 Minimum operating current density (jmin) required for producing CO and HCOO– 
(assuming FEP = 100%) as a function of cell potential (|V|) and electricity price (CE).  Cathode 
catalyst = Au for CO and Sn for HCOO– production, anode catalyst = Pt, and tcatdur = 4000 hours.  
A 30% gross margin was assumed for the analysis.  Reprinted with permission from 
ChemSusChem 9, 1972-1979, (2016).  Copyright 2016, Wiley-VCH Verlag GmbH & Co. 
 
 
Figure 2.4 Minimum operating current density (jmin) required for producing CO and HCOO– 
(assuming FEP = 100%) as a function of catalyst durability (tcatdur).  Cathode catalyst = Au for CO 
and Sn for HCOO– production, anode catalyst = Pt, CE = $0.12 kWh–1, and |V| = 2.25 V.  A 30% 
gross margin was assumed for the analysis.  Reprinted with permission from ChemSusChem 9, 





Figure 2.5 Minimum operating current density (jmin) required for producing CO (assuming FEP = 
100%) as a function of cathode catalyst cost.  CE = $0.12 kWh–1, tcatdur = 4000 hours, |V| = 2.25 V, 
and anode catalyst = Pt.  A 30% gross margin was assumed for the analysis.  Reprinted with 
permission from ChemSusChem 9, 1972-1979, (2016).  Copyright 2016, Wiley-VCH Verlag 
GmbH & Co. 
 
 We also analyzed whether utilizing a cheaper cathode catalyst might be a better strategy for 
reducing the jmin requirements for CO2 reduction.  Figure 2.5 shows the following trend for the 
required jmin: Zn ≈ Ag < Au.  As a result, for the same or even lower current density, a cheaper and 
more durable catalyst might be more economical.  Research groups should exercise caution when 
comparing the catalytic performance of an expensive catalyst with a cheaper alternative, as other 
factors need to be taken into account.  In the case of CO2 conversion to CO, the jmin required for 
Zn is comparable to Ag because of two reasons.  First is the fact that the anode utilizes Pt, which 
becomes a major cost driver upon using a cathode catalyst cheaper than Ag.  If the electrocatalytic 
system were to utilize an inexpensive anode, i.e., an O2 evolution catalyst with a cost comparable 
to Zn, a jmin as low as 69 mA cm–2 would be required for an economically viable process of CO 
production when using Zn as the cathode catalyst and at a CE of $0.12 kWh–1, tcatdur of 4000 hours, 
and a |V| of 2.25 V.  The second reason behind the jmin requirements for Zn being comparable to 
Ag is the cost of the GDL ($0.006 cm–2) being used, which is 3.38 times cheaper than Au but 21.8 
times more expensive than Ag, and 7058 times more expensive than Zn (assuming Wcat = 0.5 mg 
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cm–2).  So, the GDL becomes a major cost driver when using Zn and Ag as the catalyst.  Further 
research into developing inexpensive and durable GDLs will be required to lower the overall 
system cost and hence the jmin required for an economically viable process. 
2.5 Summary and Outlook 
 While a significant amount of prior research has focused on the design of novel catalysts, 
electrolytes, and electrocatalytic systems to tailor the electroreduction of CO2 towards a particular 
product at low overpotentials, a comprehensive technoeconomic insight into what performance 
levels are required for a commercially viable process is still lacking.  The gross-margin model 
reported here defines such benchmarks for several different products of CO2 electroreduction at 
different process conditions.  Performance targets in terms of Vmax, FE, tcatdur, and jmin were derived 
using the model.  The values of Vmax obtained from the model indicate that production of CO and 
HCOOH can be commercialized successfully in the near future.  However, given that the market 
for chemicals such as CH3OH, CH4, C2H5OH, and C2H4 is significantly larger than the market for 
CO and HCOOH, different process design strategies such as co-production with CO and HCOOH 
to offset Vmax requirements, starting with CO as the raw material instead of CO2, utilizing flue gas 
directly or combining the process of CO2 capture with CO2 conversion will be required for 
electroreduction of CO2 to become a significant stabilization wedge for reducing CO2 emissions. 
 An analysis with respect to the catalyst durability and cost shows, not surprisingly, that the 
durability of CO2 reduction catalysts needs to be improved so they last for 1000’s of hours.  
Optimized designs for the gas diffusion layer will also be required to further decrease the stack 
cost once cheap and durable catalysts have been identified.  In addition, utilizing cheap and durable 
catalysts for the anode reaction, i.e., O2 evolution should also be considered when performing 
overall system performance studies. 
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 Although some recent studies, especially those focusing on HCOOH production, have 
achieved current density values close to the jmin values calculated here, often very high cell 
potentials were required to achieve these current densities, thus significantly reducing the energy 
efficiency.  Moreover, the task of analyzing the commercial viability of the state of the art systems 
is often hampered by the lack of information on durability and cell potentials.  
 Other researchers in the field can utilize the gross-margin model introduced here to analyze a 
variety of scenarios (such as different products combinations, selectivity ratios, process designs) 
for the electroreduction of CO2 to different value-added products or product mixtures.  The model 
presented here uses product price as the input and provides the associated required performance 
levels as the output.  The model can also be used in reverse to estimate the cost of a product 
produced (in $ kg–1) by entering the performance parameters (V, j, tcatdur, FE, etc.) as input.  
Furthermore, with appropriate modifications the model reported here could be applied more 
generally to other sustainable electrochemical processes (such as electrochemical CH4 oxidation 
or NH3 synthesis through N2 and H2O electrolysis), as a tool to identify the minimum performance 
levels needed for economic viability. 
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Co-Electrolysis of CO2 and Glycerol as a Carbon-Neutral and Cost-Effective 
Method for the Production of Carbon Chemicals Using Grid Electricity 
3.1 Chapter Overview 
 The renewable electricity driven electroreduction of carbon dioxide (CO2) offers an alternative 
pathway for the production of carbon chemicals, traditionally manufactured using fossil fuels.  
Typical CO2 electroreduction approaches couple the cathodic CO2 reduction with the anodic 
oxygen evolution reaction (OER), resulting in ~90% of the electricity input being consumed by 
the OER.  Here, we explore alternatives to OER and show that the anodic electrooxidation of 
glycerol (cheap waste byproduct of industrial biodiesel and soap production) can lower electricity 
consumption by up to 53%, resulting in a potentially carbon neutral and/or negative process for 
carbon monoxide and formate production even with grid electricity (13% renewables), as well as 
cost competitive ethylene and ethanol production, scenarios that are nearly impossible with the 
anodic OER.  This study may thus serve as a framework for the design of future CO2 
electroreduction processes with low electricity requirements, enhancing their CO2 utilization and 
mitigation potential. 
3.2 Introduction 
 To limit excess anthropogenic carbon dioxide (CO2) emissions (~4GtC yr-1)1, and achieve the 
2 °C target set forth in the Paris climate change agreement2, a portfolio of technologies, such as (i) 
																																																						
* Parts of this chapter have been adapted from the following publication: Verma, S., Lu, S., & Kenis, P. J. A. Co-
Electrolysis of CO2 and Glycerol as a Carbon-Neutral and Cost-Effective Method for the Production of Carbon 
Chemicals using Grid Electricity. Submitted, (2018).  This work also forms the basis of the U.S. patent application 
62/546,044. 
 40 
transitioning from fossil fuels to renewable energy (wind, solar, biofuels, etc.); (ii) improving the 
energy efficiency of vehicles and buildings; and (iii) CO2 capture and sequestration, need to be 
implemented together3.  However, for a majority of these solutions, the associated costs and impact 
on economic growth is high, resulting in slow global adoption4,5.  An alternative to mitigating CO2 
emissions could be the utilization of CO2 as a resource, to produce value added chemicals, such 
as, formate/formic acid (HCOO-/HCOOH), carbon monoxide (CO), methane (CH4), methanol 
(CH3OH), ethylene (C2H4), and ethanol (C2H5OH) via an electrochemical (i.e., electroreduction) 
approach6,7.  These chemicals are currently manufactured on the industrial scale using fossil fuels 
(Figure 3.1)8-13.  The renewable electricity driven electroreduction of CO2 could be a strategy for 
replacing such methods.   
 
Figure 3.1 Overview of select CO2 electroreduction products along with the current industrial 
methods to manufacture the same.  The overview indicates that the current large-scale methods to 
manufacture HCOOH, CO, CH3OH, CH4, C2H4, and C2H5OH are primarily fossil fuel based and 
in most scenarios, require high pressure and/or high temperature to drive the process.  The 
electroreduction of CO2 could be an alternative sustainable pathway to such fossil fuel based 
manufacturing methods. 
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developing new catalysts, electrolytes, and reactors for CO2 electroreduction16-21.  Recently, we 
evaluated the technoeconomic viability of CO2 electroreduction using a high-level gross-margin22, 
and a modified U.S. Department of Energy H2A model23.  Results of the two analyses indicated 
that a significant lowering of the overall electricity consumption, hence the cell potential, is 
necessary to improve the economics of CO2 electroreduction.  Here, we expand on the 
technoeconomic evaluation to investigate if the electroreduction of CO2 could become carbon 
neutral and/or negative even with grid electricity.  The current share of low carbon renewables in 
the U.S. electricity grid is low (13%)24, and projected not to exceed 30% by 204025.  Being able to 
drive CO2 electroreduction using grid electricity (instead of pure renewables) and still be carbon 
neutral and/or negative could be a holy grail scenario, as one can now imagine implementing the 
process into the existing infrastructure.  The life cycle CO2 emissions analysis reported in this 
work suggests that such a scenario might be possible if the CO2 electroreduction cell potentials are 
lowered.   
 Most current CO2 electroreduction approaches consist of the cathodic CO2 reduction coupled 
to the anodic oxygen evolution reaction (OER).  Thermodynamic analysis of these two reactions 
shows that ~90% of the overall energy (hence, cell potential) requirements comes from the OER.  
Thus, utilizing anode reactions with energy requirements lower than OER could be a step change 
strategy for radically lowering the energy (hence, cell potential) requirements for CO2 
electroreduction.  Here, we investigate such alternatives using a combined theoretical 
(thermodynamic) and experimental (electroanalytical) approach.  Of the several options, the 
anodic oxidation of glycerol (cheap byproduct of industrial biodiesel and soap production)26,27, 
coupled to the cathodic reduction of CO2 (i.e., co-electrolysis of CO2 and glycerol) seems 
particularly promising.  The process lowers the CO2 electroreduction cell potential by ~0.85 V, 
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resulting in a reduction in the electricity consumption by up to 53%.  This in turn drastically 
reduces the lifecycle CO2 emissions and improves the economics of CO2 electroreduction as will 
be shown within.   
3.3 Experimental 
General 
 Unless stated otherwise, all experiments were performed under ambient conditions of 1 atm 
and 293 K, all commercially available materials were used as received, and >18.0 MΩ cm 
deionized (DI) water was used when required.   
Preparation of Catalyst Coated Gas Diffusion Layer (GDL) Electrodes 
 Commercially available Ag (<100 nm, Aldrich, product number: 576832), Sn (<150 nm, 
Aldrich, product number: 576883), and Cu (40-60 nm, Aldrich, product number: 774111) 
nanoparticles were used as the cathode catalysts for studying the electroreduction of CO2 to CO, 
HCOO–, and C2H4, C2H5OH, respectively.  The nanoparticles were first made into an ink by 
sonicating 20 mg of the material (Ag or Sn) with 800 µL of DI water (800 µL tetrahydrofuran was 
used instead of deionized water for Cu), 52 µL of Nafion solution (5 wt.%, Fuel Cell Earth), and 
800 µL of isopropyl alcohol, for 20 minutes.  The resulting catalyst ink was then deposited onto a 
Sigracet 35 BC GDL with a geometric surface area of 5 x 2 cm2 (corresponding to 4 electrodes) 
via an automated airbrush method28, to form the catalyst coated gas diffusion cathodes.  Nearly 
50% of the starting catalyst material was lost during the automated airbrush deposition process, 
resulting in a final catalyst loading of 1 ± 0.1 mg cm-2, estimated by weighing the cathodes before 
and after the deposition process.  The O2 evolution reaction (OER) at the anode was studied using 
IrO2 non-hydrate (Alfa Aesar, product number: 43396), the electrooxidation of glycerol and 
glucose at the anode was studied using Pt black high surface area (Alfa Aesar, product number: 
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43838), whereas the electrooxidation of CH4 was studied using IrO2 non-hydrate, Pt black, Cu, Pd 
(0.25-0.55 µm, Alfa Aesar, product number: 00776), and Pt-Ru black (Alfa Aesar, product 
number: 41171) as the anode catalyst.  The catalyst coated GDL anodes were prepared according 
to a process very similar to the one described for making the cathodes i.e., 20 mg of the catalyst 
material was sonicated with 800 µL of deionized water, 52 µL of Nafion solution, and 800 µL of 
isopropyl alcohol for 20 minutes to make a catalyst ink, followed by the deposition of the ink onto 
a Sigracet 35 BC GDL (geometric area = 5 x 2 cm2, corresponds to 4 electrodes) via an automated 
airbrush method.  All catalyst coated GDL anodes had a final loading of 1 ± 0.1 mg cm-2 as 
estimated by weighing the anodes before and after the deposition process. 
Preparation of Electrolytes 
 The electrolytes used in this work were prepared by dissolving the appropriate amount of the 
salt and/or chemical in DI water.  The salts and chemicals used were: potassium hydroxide (Fisher 
Chemical, product number: P250), glycerol (Alfa Aesar, product number: 38988), D-(+)-glucose 
(Sigma Life Science, product number: 49139).  The pH and conductivity of the different 
electrolytes were measured using an Orion 4-star pH conductivity meter. 
Electroanalysis in a Flow Electrolyzer 
 The electrochemical characterization of the different combinations of CO2 electroreduction at 
the cathode with the O2 evolution reaction and glycerol, glucose, or CH4 electrooxidation at the 
anode was performed in a gas diffusion electrode based dual electrolyte channel flow electrolyzer 
with a precisely machined active geometric area of 1 cm2, as described previously by us29. The 
catholyte and the anolyte chamber was separated by a Fumapem FAA-3-PK-75 anion exchange 
membrane to prevent crossover of the liquid products from the cathode to the anode and vice versa.  
The catholyte for all experiments was 2.0 M KOH.  The anolyte for studying the OER and CH4 
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electrooxidation was 2.0 M KOH whereas the anolyte for studying the electrooxidation of glycerol 
and glucose was 2.0 M KOH + 2.0 M glycerol and 2.0 M KOH + 2.0 M glucose, respectively.  
Electrochemical experiments were performed by maintaining a constant cell potential using a 
potentiostat (Autolab PGSTAT-30, EcoChemie).  The individual cathode and anode potentials 
were measured with a multimeter (AMPROBE 15XP-B) connected between the appropriate 
electrode and a Ag/AgCl reference electrode (3 mol kg-1, RE-5B BASi).  The individual electrode 
potentials (vs. Ag/AgCl) were then converted to the RHE scale using the Nernst equation: ERHE = 
EAg/AgCl + 0.210 + 0.058 x pH.  All cell, cathode, and anode potentials in this work are reported as 
measured without any iR corrections.  The CO2 (Airgas) feed for the reaction was provided as a 
continuous stream over the teflonized side of the cathode GDL using a flow controller (Smart Trak 
2, Sierra Instruments).  A CO2 flow rate of 17 sccm was maintained for cell potentials at which the 
total current density (jTotal) was >5 mA cm-2 and lowered to 5 sccm for cell potentials at which 
jTotal was <5 mA cm-2, to enable a gas product analysis with high sensitivity.  A pressure controller 
(Cole Parmer, 00268TC) was used in the electrolyzer downstream to maintain a low pressure of 
14.20 psi and thus facilitate an easy transfer of the gas products from the cathode GDL to the 
effluent gas stream.  A low downstream pressure also minimizes the dissolution of the reacting 
CO2 and the gas products into the electrolyte stream.  Both the catholyte and the anolyte stream 
was circulated through the electrolyte channels of the electrolyzer using a syringe pump (PHD 
2000, Harvard Apparatus) at flow rate of 0.5 mL min-1 for cell potentials at which jTotal was >5 
mA cm-2 and lowered to 0.2 mL min-1 for cell potentials at which jTotal was <5 mA cm-2, to enable 
a liquid product analysis with high sensitivity. For all electrochemical experiments, after a 
particular cell potential was switched on, the resulting current was allowed to stabilize for at least 
180 seconds before the product analysis was initiated. 
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Product Analysis 
 For a particular cell potential, the gas products of CO2 electroreduction were analyzed for a 
total time period of 180 seconds by diverting 1 mL of the effluent gas stream, thrice, at regular 
intervals of 90 seconds to an on-line gas chromatograph (Thermo Finnigan Trace GC with a 
Carboxen 1000 column from Supelco).  The GC was equipped with both the thermal conductivity 
detector (TCD) and the flame ionization detector (FID).  Helium with a flow rate of 20 sccm was 
used as the carrier gas.  The concentration of the gas products was quantified by averaging the 
peak areas over the three sample injections and using the appropriate calibration curves.  
Meanwhile, the liquid products were analyzed for the same 180 second time period by collecting 
both the catholyte and the anolyte streams followed by ex-situ 1H NMR (UI500NB, Varian) 
analysis (16 scans with solvent suppression).  The liquid samples for the 1H NMR analysis were 
prepared by mixing 100 µL of the collected electrolyte with 400 µL of D2O (Aldrich, product 
number: 151882) and 100 µL of an internal standard comprising of 1.25 mM DMSO in D2O.  The 
concentration of the liquid products was quantified using the appropriate calibration curves.  The 
total current density (=the total current as the electrolyzer area is 1 cm2) was quantified by 
averaging the data obtained during the same 180 second time period when the CO2 
electroreduction products were being analyzed.  The Faradaic efficiency for the different CO2 
electroreduction products was calculated per the following equation: 




where z is the number of electrons exchanged to form a particular CO2 electroreduction product, 
n is the number of moles of the product formed, F is the Faraday’s constant (96485 C mol-1), and 
Q is the amount of charge passed.  The partial current density for a particular product was 
calculated by multiplying jTotal with the Faradaic efficiency for that product.  The onset cell 
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potential for a specific CO2 electroreduction product defined in this work refers to the lowest (least 
negative) cell potential at which the product is first observed in the GC (for gas products) or 1H 
NMR analysis (for liquid products).   
3.4 Lifecycle CO2 Emissions Analysis 
 The overall CO2 electroreduction process can be divided into four steps (Figure 3.2) with the 
CO2 emission for each step (kgCO2 kgproduct
-1) denoted by CO2Emission(i) (where i =1,2,3,4).  Step 
1 consists of sourcing the CO2 feed, preferably from an industrial point source and typically 
involves energy intensive CO2 capture and purification.  The energy requirements for step 1 can 
be written in terms of a lumped parameter i.e., electricity equivalent (e in kWh kgCO2-
1)30, with the 
corresponding CO2Emission(1) being estimated per Equation 3.1. 




where aelectricity is the electricity generation emission factor representing the energy-mix driving 
step 1 (kgCO2 kWh
-1), ncarbon is the number of carbon atoms in the CO2 electroreduction product, 
MCO2 is the molar mass of CO2 (g mol
-1), and M is the molar mass of the CO2 electroreduction 
product (g mol-1).  Examples of CO2 point sources include coal or natural gas power plants, 
petroleum refineries, cement, iron and steel, C2H4, ethylene oxide, hydrogen (H2), or C2H5OH (via 
fermentation) production plants, and ammonia or natural gas processing plants (Supplementary 
Table 3.2)31. Because the existing methods of C2H4, C2H5OH, and H2 production in-principle can 
be replaced by CO2 electroreduction and water electrolysis, the corresponding CO2 sources can be 
excluded from the discussion.  In terms of purity and scale, the industrial data suggests relatively 
pure CO2 streams (>96%) to be available from ethylene oxide production, or ammonia and natural 
gas processing, but at low production capacities (combined output <0.7% of total U.S. CO2 
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emissions of ~5.6 GtCO2 yr-1)32.  Relatively larger sources of CO2 such as cement, iron and steel 
plant (2.2% of total U.S. CO2 emissions combined) have a CO2 purity of ~14-33%, whereas 
petroleum refineries (3.1% of total U.S. CO2 emissions) have a 3-100% CO2 purity.  The largest 
industrial source of CO2 i.e., coal and natural gas power plants have a purity of 10-15% and 3-5%, 
respectively. 
 
Figure 3.2 Description of the steps involved in the industrial implementation of CO2 electro-
reduction.  Step 1 involves sourcing the CO2 feed from point sources such as coal and natural gas 
power plants, cement plants, iron and steel plants, ethylene oxide production, ammonia, natural 
gas processing, etc.  Step 2 involves the generation and delivery of electricity required to drive the 
electrolysis using the electricity grid.  The use of renewables to drive the process of CO2 
electroreduction can be analyzed as a special case of step 2.  Step 3 involves the electroreduction 
of CO2 to different carbon chemicals and step 4 represents the energy intensive separation process 
to obtain the purified product.  The nature of CO2 emission for each step is color coded: Green = 
CO2 negative step (consumption), red = CO2 positive step (emission), and yellow = CO2 neutral 
step. 
 
 For the life cycle CO2 emissions calculations in this work, we assume a base-case, best-case, 
and worst-case scenario of utilizing CO2 captured from an iron and steel plant (energy required = 
0.76 GJ tCO2captured
-1, e = 0.211 kWh kgCO2
-1)33, an ethylene oxide production, ammonia, or natural 
gas processing plant (almost pure CO2, hence e = 0), and a natural gas power plant (e = 0.297 kWh 
kgCO2
-1)30, respectively.  Another version of the best-case scenario would be to utilize flue gas 
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directly34.  However, further research needs to be performed to evaluate the effect of flue gas 
impurities (SOx, NOx, etc.) on CO2 electroreduction to validate such pathways.   
 Step 2 of the CO2 electroreduction process consists of the generation, delivery, and 
consumption of electricity to drive the reaction.  Using Faraday’s law of electrolysis, 
CO2Emission(2) can be written as follows: 




where F is the Faraday’s constant (96485 C mol-1), z is the number of electrons exchanged to form 
the CO2 electroreduction product, and Voperating is the operating cell potential (V).  aelectricity for the 
current U.S. electricity grid (13% renewables, 2014 data) is ~0.51 kgCO2 kWh
-1 (Supplementary 
Table 3.1)24.  Such a scenario can be considered the worst-case and the base-case for our analysis: 
implementing the CO2 electroreduction process into the existing infrastructure.  The best-case for 
step 2 would be the utilization of future (2040) grid electricity projections (28% renewables as per 
the U.S. energy information administration)25.  Assuming the emission factor for individual 
electricity sources to remain invariant over time, aelectricity for 2040 can be estimated by 
extrapolating the 2014 data, resulting in a value of ~0.35 kgCO2 kWh
-1 (Supplementary Table 
3.1)25.   






Step 4 involves separation of the products.  Figure 3.3a visualizes a simple scenario of separating 
one feed stream (stream 1) with 2 components (product and carrier) into a relatively pure product 
(stream 2) and a waste (stream 3), for which the energy demand and CO2Emission(4) can be 
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calculated based on the minimum work of separation (Wmin, kJ molproduct-1) in combination with 
the empirical 2nd law efficiency for different separation processes Equations 3.4 and 3.5, as 
















where R is the universal gas constant (8.314 J mol-1K-1), T is the temperature (298 K), Nj (j = 
1,2,3) is the total moles in stream j, xj,k is the mole fraction of component k in stream j, g1,k is the 
activity coefficient of component k in stream 1 (streams 2, 3 are assumed to be pure, hence g = 1), 
Nproduct is the moles of the recovered product, and h2ndlaw is the 2nd law thermodynamic efficiency 
for the separation process (%).  The Wmin values can further be used to identify the optimal mole 
fraction of the desired product in the electrolyzer product stream (x1,product), molar product purity 
(x2,product), and product recovery (Rproduct).  The graphs in Figures 3.3b-c show the Wmin 
requirements for separating a mixture of gaseous CO2 electroreduction products and CO2 carrier 
(assuming the gases behave ideally, g = 1).  Of the three separation parameters, Wmin is the most 
sensitive towards x1,product.  A near exponential drop in Wmin is seen as a function of x1,product up to 
a value of approximately 0.2 (Figure 3.3b).  In contrast, the variation in Wmin with x2,product and 
Rproduct is fairly modest, especially under industrially applicable ranges of x2,product and Rproduct >0.8 
(Figures 3.3b and 3.3c)35.  Learning from the trends in Wmin, and also to make our analysis 
industrially applicable, we assume x1,product, x2,product, and Rproduct values of 0.2, 0.99, and 0.9, 
respectively, for separating both the gaseous and liquid products.  Wmin requirements for separating 
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the products of CO2 electroreduction from the appropriate carrier streams are listed in Table 3.1 
(assuming g = 0.72, 1.58, 3.74, 1 for HCOOH, CH3OH, C2H5OH, and water, respectively36).  
Assuming the HCOOH-water, alcohol (CH3OH, C2H5OH)-water, gas product (CO, CH4, C2H4)-
CO2 mixture to be separated via liquid-liquid extraction, distillation, and pressure swing 
adsorption, respectively, with a corresponding h2ndlaw of 2537, 9, and 17% (Table 3.1)35, the 
theoretical Wmin values can be converted to the actual energy requirement by Equation 3.5.   
 
Figure 3.3 Optimizing separation parameters for the purification of CO2 electroreduction products. 
(a) Block flow diagram depicting the separation unit.  The output stream of the CO2 electrolyzer 
is fed directly to the separation unit as stream 1.  Stream 1 is assumed to be a binary mixture of the 
CO2 electroreduction product and the carrier i.e., unreacted CO2 for the gaseous products and 
electrolyte (predominantly water) for the liquid products.  The input stream is separated into the 
product stream 2 (product purity in mole fraction = x2,product and recovery = Rproduct) and waste 
stream 3.  The variation in the minimum work (Wmin) required to separate stream 1 into streams 2 
and 3 is shown in (b) as a function of the product mole fraction in the input stream 1 (x1,product) as 
well as product purity (x2,product), and in (c) as a function of the product recovery (Rproduct).  The 
streams 1, 2, and 3 are assumed to be ideal gases with an activity coefficient (g) of 1 for the 
calculations. 
 
 For the CO2 electroreduction process to be carbon neutral and/or negative, cumulative CO2 
emissions during steps 1-4 should be equal to or less than zero resulting in an expression for the 
maximum operating cell potential (Vmax,CO2Emission in V, Equation 3.6).  Under different operating 
conditions, the operating cell potential (Voperating in V) has to be equal to or less than Vmax,CO2Emission 
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to realize a carbon neutral and/or negative process.  From a thermodynamic perspective, the 
Voperating and Vmax,CO2Emission values will also have a lower bound as determined by the standard 
thermodynamic cell potential (|E0cell| in V), representing the theoretical minimum energy 
requirement.  This results in an inequality expression (Equation 3.7) that needs to be satisfied at 












K | ≤ 5operating ≤ 5max,CO2Emission 3.7 
 Table 3.1 shows the calculated Vmax,CO2Emission values (per Equation 3.6) for several CO2 
electroreduction products under different operating conditions.  For a first order estimate, the |E0cell| 
values in Table 3.1 correspond to a typical CO2 electroreduction process i.e., cathodic CO2 
electroreduction coupled to anodic OER38.  A comparison of the Vmax,CO2Emission with the theoretical 
|E0cell| values indicates HCOOH to be the only product where the inequality expression for a carbon 
neutral and/or negative process (Equation 3.7) is satisfied i.e., HCOOH can be produced in a 
carbon neutral and/or negative manner using grid electricity, albeit in special cases i.e., 2040 US 
grid scenario or with pure CO2 streams/direct flue gas (e = 0).  For all other products, CO2 free 
electricity will be required to achieve carbon neutrality.  Another interesting design strategy to 
satisfy the Vmax,CO2Emission criterion (Equation 3.7) could be to utilize oxidation reactions at the 
anode other than OER, leading to lower |E0cell|, as will be shown in the subsequent sections.  Such 
process design strategies could improve the economics of producing high volume C2H4 and 
C2H5OH as well, which were initially deemed to be economically unfavorable (Table 3.1) as per 
the gross margin model22.   
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Table 3.1 Maximum operating cell potential (Vmax,CO2Emission and Vmax,GrossMargin) that can be utilized 
to drive the electroreduction of CO2 in a carbon neutral/negative and economically viable manner, 
respectively.   
The Vmax,CO2Emission values were obtained using Equation 3.6.  For the manufacture of a particular CO2 electroreduction product in 
a carbon neutral manner, the required criterion is: |E0cell| < Vmax,CO2Emission.  The |E
0
cell| values are reported under standard conditions 
(1 atm and 298 K), assuming the electroreduction of CO2 as the cathode reaction and O2 evolution (E0 = -1.23 V vs. RHE) as the 
anode reaction.  Vmax,GrossMargin values are obtained from ref 22.  For the manufacture of a particular CO2 electroreduction product 
in an economically viable manner, the required criterion is: |E0cell| < Vmax,GrossMargin.  Values marked by † indicates carbon negative 
conditions whereas * indicates economically viable conditions. 
 
3.5 Results and Discussion 
Identifying Alternatives to OER at the Anode 
 A Gibb’s free energy analysis of the conventional CO2 electroreduction process indicates that 
the OER is significantly uphill (energetically) in comparison to CO2 reduction.  For example, 
consider the electroreduction of CO2 to CO (Equations 3.8-3.10).  Utilizing the thermodynamic 
Hess’s law to calculate the standard Gibb’s free energy of reaction (DG0reaction in kJ mol-1) as well 
as the energetics of the individual steps, we find that 92.2% of the overall energy is required to 
drive OER at the anode.  Hence, designing new CO2 electroreduction processes with anode 
reactions other than OER, that can significantly lower the overall energy requirements (hence, 
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1.81* 1.21* 0.60 1.17 0.211 0.28 0.43 
0 0.31 0.47 
C2H5OH 46.07 12 2 1.82 Distillation 9 
0.297 0.46 0.72 
1.79* 1.19* 0.60 1.15 0.211 0.48 0.74 
0 0.54 0.80 
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|E0cell|) might lead to thermodynamically superior system designs.   
 CO2 + H2 à CO + H2O (DG0reaction = 20.10 kJ mol-1, 7.8% of total energy) 3.8 
 H2O à H2 + 0.5O2 (DG0reaction = 237.10 kJ mol-1, 92.2% of total energy) 3.9 
Overall: CO2 à CO + 0.5O2 (DG0reaction = 257.20 kJ mol-1) 3.10 
 The selection of the anode feed and the associated reactions to replace OER can be guided by 
a simple set of process design rules: (i) the production method – Is the process energy intensive 
resulting in additional CO2 emissions? (ii) the cost – Is the anode feed a waste or an expensive 
product? and (iii) the scale – Can the anode reaction match the scale of CO2 based commodity and 
intermediate chemicals production?.  A few efforts in the CO2 electroreduction literature have 
reported on utilizing anode reactions other than OER, but the reactions used do not satisfy the 
aforementioned design rules.  For example, Bevilacqua et al., used the electrooxidation of ethanol 
to acetate at the anode, to lower the onset cell potential for CO2 electroreduction from –2.31 to –
1.26 V39.  Similarly, Li et al., utilized the electrooxidation of benzylic and aliphatic alcohols such 
as 4-methoxybenzyl alcohol, 1-phenylethanol, ethanol, and isopropanol at the anode to replace 
OER40.  While such efforts seem interesting, the oxidation of the reported alcohols may not be the 
best path forward.  Ethanol and isopropanol can in principle be obtained by CO2 electroreduction41.  
Hence, oxidizing such alcohols at the anode would be equivalent to moving back and forth in a 
thermodynamic cycle.  Meanwhile, 4-methoxybenzyl alcohol and 1-phenylethanol are fine 
chemicals for which there is not a demand at the scale of commodity and intermediate chemicals.   
 The electrooxidation of high volume building block chemicals such as glycerol (cheap waste 
byproduct of biodiesel and soap manufacturing at industrial scales, 80% purity costs nearly $0.24 
kg–1)26,27,42, biomass derived glucose, or even CH4 (large natural gas reserves, otherwise flared off-
gas at oil fields)43, could satisfy the process design rules for suitable anode reactions outlined 
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earlier44.  Table 3.2 and Supplementary Table 3.4 show the calculated DG0reaction and |E0cell| values 
for select combinations of CO2 electroreduction with glycerol, glucose, and CH4 electrooxidation.   
Table 3.2 Theoretical Gibb’s free energy of reaction (DG0reaction) and overall cell potential (|E0cell|) 
for the cathodic electroreduction of CO2 to carbon monoxide (CO) and ethylene (C2H4), coupled 
to the anodic O2 evolution, or glycerol, glucose, and CH4 electrooxidation. 







à Carbon monoxide 
 
CO2 + H2O + 2e- 
à CO + 2OH- 
Water à Oxygen 
2OH- à H2O + 0.5O2 + 2e- 
CO2 
à CO + 0.5O2 
257.20 1.33 
Glycerol à Glyceraldehyde 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
CO2 + C3H8O3 
à CO + C3H6O3 + H2O 
97.48 0.51 
Glycerol à Lactic acid 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
CO2 + C3H8O3 
à CO + C3H6O3 + H2O 
68.08 0.35 
Glycerol à Formic acid 
C3H8O3 + 8OH- à 3HCOOH + 5H2O + 8e- 
CO2 + 0.25C3H8O3 
à CO + 0.75HCOOH + 0.25H2O 
46.53 0.24 
Glucose à Gluconic acid 
C6H12O6 + 2OH- à C6H12O7 + H2O + 2e- 
CO2 + C6H12O6 
à CO + C6H12O7 
6.20 0.03 
Methane à Methanol 
CH4 + 2OH- à CH3OH + H2O + 2e- 
CO2 + CH4 
à CO + CH3OH 
141.10 0.73 
Methane à Carbon monoxide 
CH4 + 6OH- à 5H2O + CO + 6e- 
0.75CO2 + 0.25CH4 





2CO2 + 8H2O +12e- 
à C2H4 + 12OH- 
Water à Oxygen 
2OH- à H2O + 0.5O2 + 2e- 
2CO2 + 2H2O 
à C2H4 + 3O2 
1331.40 1.15 
Glycerol à Glyceraldehyde 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
2CO2 + 6C3H8O3 
à C2H4 + 6C3H6O3 + 4H2O 
373.08 0.32 
Glycerol à Lactic acid 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
2CO2 + 6C3H8O3 
à C2H4 + 6C3H6O3 + 4H2O 
196.68 0.17 
Glycerol à Formic acid 
C3H8O3 + 8OH- à 3HCOOH + 5H2O + 8e- 
2CO2 + 1.5C3H8O3 + 0.5H2O 
à C2H4 + 4.5HCOOH 
67.35 0.06 
Glucose à Gluconic acid 
C6H12O6 + 2OH- à C6H12O7 + H2O + 2e- 
2CO2 + 6C6H12O6 +2H2O 
à C2H4 + 6C6H12O7 
-174.60 0.15 
Methane à Methanol 
CH4 + 2OH- à CH3OH + H2O + 2e- 
2CO2 + 6CH4 + 2H2O 
à C2H4 + 6CH3OH 
634.80 0.55 
Methane à Carbon monoxide 
CH4 + 6OH- à 5H2O + CO + 6e- 
2CO2 + 2CH4 
à C2H4 + 2CO + 2H2O 
209.60 0.18 
DVKreaction = nproduct ∗ DVW
K
product
− nreactant ∗ DVW
K
reactant
 where n = stoichiometric coefficient and DG0f = Gibb’s free energy of 
formation (see Supplementary Table 3.3 for DG0f values).  |E0cell| = |–DG0/z*F| where z = number of electrons transferred and F = 
Faraday’s constant = 96485 C mol–1.  All thermodynamic properties are reported under standard conditions (1 bar and 298 K).  
Note, the 10-20 mV difference in the |E0cell| values between Table 3.1 and 3.2, for the case of CO2 electroreduction at the cathode 
and O2 evolution at the anode is due to the minor differences in the electrochemistry and thermochemistry data used to estimate 
|E0cell| in Table 3.1 and 3.2, respectively. 
 
 The results suggest that a significant lowering of |E0cell| and hence, electricity requirements can 
be realized by moving away from the anodic OER.  Several of the proposed processes also satisfy 
the Vmax,CO2Emission criterion from Table 3.1, assuming that the anode feed is a waste product with 
no extra CO2 emissions45.  With alternate anode reactions, the electroreduction of CO2 to CH3OH, 
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C2H4, and C2H5OH looks cost competitive as well (Table 3.2 and Supplementary Table 3.4), 
with more processes now satisfying the Vmax,GrossMargin requirements that were initially unattainable 
with the anodic OER (Table 3.1).  Again, this reasoning is valid only under the assumption either 
that the anode feed is a cheap waste stream or that the cost of the anode feed and subsequent 
product separation is offset by the market value of the anode product.  In special cases of coupling 
the electroreduction of CO2 to CH3OH, C2H4, or C2H5OH on the cathode with the electrooxidation 
of glucose to gluconic acid on the anode, the process becomes spontaneous (DG0reaction <0), i.e., 
behaves like a fuel cell, and can thus in principle, be used for the simultaneous production of 
electricity and carbon chemicals.    
The Promise of CO2 and Glycerol Co-Electrolysis 
 As indicated by the Gibb’s free energy analysis, many different anode reactions other than 
OER can be utilized to lower |E0cell|, and hence the overall electricity requirements for CO2 
electroreduction.  To assess the practicality of such processes, we performed an experimental 
electroanalytical evaluation of the different combinations proposed in Table 3.2, using a gas 
diffusion layer (GDL) electrode based dual electrolyte channel flow electrolyzer under ambient 
conditions29,46.  The catholyte was chosen as 2.0 M KOH, previously demonstrated by us to lower 
overpotentials and improve activity for CO2 electroreduction29,47,48.  The anolyte was chosen as a 
mixture of 2.0 M KOH and 2.0 M glycerol, a mixture of 2.0 M KOH and 2.0 M glucose, and 2.0 
M KOH for the electrooxidation of glycerol, glucose, and CH4 respectively49.   
 The electrooxidation of glycerol or glucose on a Pt black coated GDL anode coupled to the 
electroreduction of CO2 on a Ag coated GDL cathode resulted in a significant lowering (i.e., less 
negative value) of the onset cell potential for CO formation, with a value of –0.75 and –0.95 V 
being observed, respectively, in comparison to the state of the art value of –1.6 V with OER at the 
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anode (Figure 3.4a).  However, the activity (partial current density for CO, jCO) with glucose 
electrooxidation was much lower than with glycerol electrooxidation at the anode, limiting the 
prospects of utilizing glucose as the anode feed.  The experimental onset cell potential of –0.75 V 
for CO production, when using the anodic glycerol electrooxidation also fulfills the Vmax,CO2Emission 
criteria for several process conditions listed in Table 3.1, that were originally unsatisfied by the –
1.6 V value with OER at the anode.  These results indicate that the electroreduction of CO2 to CO 
could indeed become carbon neutral and/or negative even when using the present-day grid 
electricity mix to drive the process.  Depending on the jCO value, the electrooxidation of glycerol 
at the anode instead of OER results in a 37 to 53% reduction in electricity requirements, thus 
improving the process economics.  Single electrode plot suggests the major improvement to be at 
the anode with the cathodic CO2 electroreduction remaining unaffected (Figure 3.4b).  The anodic 
glycerol electrooxidation results in the formation of value-added chemicals such as formate and 
lactate that further improves the economics of the overall process (Supplementary Figure 3.1).  
A similar lowering in onset cell potentials for the electroreduction of CO2 to HCOO–, C2H4, and 
C2H5OH was observed when utilizing the electrooxidation of glycerol at the anode instead of OER 
(Figure 3.5a).  For example, the onset cell potential for the electroreduction of CO2 to HCOO– on 
a Sn coated GDL cathode and C2H4, C2H5OH on a Cu coated GDL cathode was –0.9, –0.95, and 
–1.3 V, respectively, with the anodic electrooxidation of glycerol, in comparison to –1.75, –1.8, 
and –2.1 V with the anodic OER (Figures 3.5b and 3.5c).  Although, the lower onset cell potential 
for C2H4 and C2H5OH production still do not satisfy the Vmax,CO2Emission criteria (indicating the need 
for carbon free electricity to achieve carbon neutrality), they do improve the process economics 
by satisfying or getting closer to the Vmax,GrossMargin criteria at realistic electricity prices of $0.04 
and $0.06 kWh–1.  On a side note, preliminary experiments with the electrooxidation of CH4 on a 
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Pt black, Cu, Pd, IrO2, and Pt-Ru black coated GDL anode coupled to the electroreduction of CO2 
on a Ag coated GDL cathode did not result in a change in the onset cell potentials for CO 
production, in comparison to OER at the anode.  This is of course expected due to the high 
dissociation enthalpy of the C-H bond in CH4 (435 kJ mol–1)50. 
 
Figure 3.4 Electrochemical performance for the electroreduction of CO2 to CO coupled to O2 
evolution, glycerol electrooxidation, or glucose electrooxidation at the anode.  (a) Partial current 
density for CO (jCO) as a function of the cell potential and (b) individual electrode potential as a 
function of the total current density (jTotal).  Cathode = 1 ± 0.1 mg cm–2 Ag nanoparticle coated gas 
diffusion layer (GDL) electrode; anode = 1 ± 0.1 mg cm–2 IrO2 coated GDL electrode for O2 
evolution, and 1 ± 0.1 mg cm–2 Pt black coated GDL electrode for glycerol and glucose 
electrooxidation, catholyte = 2.0 M KOH, anolyte = 2.0 M KOH for O2 evolution, 2.0 M KOH + 
2.0 M glycerol for glycerol electrooxidation, and 2.0 M KOH + 2.0 M glucose for glucose 
electrooxidation.  All data collected under ambient conditions of 1atm and 293 K. 
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Figure 3.5 Electrochemical performance for the electroreduction of CO2 to formate (HCOO–), 
ethylene (C2H4), and ethanol (C2H5OH) coupled to O2 evolution or glycerol electrooxidation at the 
anode.  Partial current density for (a) HCOO– (jHCOO–) (b) C2H4 (jC2H4) and (c) C2H5OH (jC2H5OH) 
as a function of the cell potential for the electroreduction of CO2 on 1 ± 0.1 mg cm–2 Sn, Cu 
nanoparticle coated gas diffusion layer (GDL) cathode.  Anode = 1 ± 0.1 mg cm–2 IrO2 coated 
GDL electrode for O2 evolution and 1 ± 0.1 mg cm–2 Pt black coated GDL electrode for glycerol 
electrooxidation, catholyte = 2.0 M KOH, anolyte = 2.0 M KOH for O2 evolution, and 2.0 M KOH 
+ 2.0 M glycerol for glycerol electrooxidation.  All data collected under ambient conditions of 1 
atm and 293 K. 
 
3.6 Conclusions 
 In summary, we have shown that the prospects of CO2 electroreduction, in terms of both 
lifecycle CO2 emissions and economics can be drastically improved by looking beyond the 
conventionally used OER at the anode, which essentially acts as an energy sink.  Our findings 
indicate that several different anodic reactions are available to replace the OER, thereby yielding 
superior thermodynamic processes with a lower |E0cell|.  Of the alternatives, the electrooxidation of 
glycerol (a cheap industrial waste) seems particularly promising with the resulting process (co-
electrolysis of CO2 and glycerol) lowering the electricity requirements for conventional CO2 
electroreduction approaches by up to 53%.  The new process offers avenues for integrating two 
different CO2 mitigation approaches i.e., CO2 electroreduction and biodiesel production as well.  
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Furthermore, with the future development of more active and selective catalysts (particularly for 
glycerol electrooxidation), co-electrolysis of CO2 and glycerol can be improved even further, 
resulting in low energy pathways for the production of carbon chemicals from waste CO2.   
3.7 Supplementary Information 
 
Supplementary Figure 3.1 1H NMR spectra showing the products of glycerol electrooxidation 
on a Pt black coated GDL anode.  Anolyte = 2.0 M KOH + 2.0 M glycerol. 
 
Supplementary Table 3.1 Breakdown of U.S. electricity generation by source with the 
corresponding CO2 emission factors25. 
Source 


































Oil 0.7 0.71 0.2 0.2 
Natural gas 27.5 0.41 37.5 33.5 
Nuclear 19.5 0.00 14.5 14.0 
Hydroelectric 6.2 





Other fossil 0.5 0.76 
0.6 0.5 
Other unknown 0.1 0.00 
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Supplementary Table 3.2 Common industrial point sources of CO2 along with their CO2 content 
and emission scale from 2014.  Adapted from reference 31. 
Source CO2 content (mol. %) 
Fraction of U.S. 
emissions 
(%) 
Coal power plant 10-15 28.3 
Natural gas power plant 3-5 8.0 
Petroleum refineries 
8-10 (process heaters) 
3-5 (utilities) 
10-20 (fluid catalytic cracker) 
30-45 (H2 purification by PSA) 
98-100 (CO2 specific H2 purification) 
3.1 
Cement production 30 (precalciner) 14-33 (calcination) 1.2 
Iron and steel production 20-27 (blast furnace) 16-42 (basic oxygen furnace) 1.0 
Ethylene production 7-12 0.3 
Ethylene oxide production 30 (air oxidation) 98-100 (oxygen oxidation) 0.02 
Hydrogen production 30-45 (PSA) 98-100 (CO2 specific separation) 
0.8 
Ethanol production 98-99 0.7 
Ammonia processing 98-100 0.3 
Natural gas processing 96-99 0.3 
 




(kJ mol–1) Reference 
H2O Water -237.1 
51 
CO2 Carbon dioxide -394.4 
HCOOH Formic acid -361.4 
CO Carbon monoxide -137.2 
CH4 Methane -50.5 
CH3OH Methanol -166.6 
C2H4 Ethylene 68.4 
C2H5OH Ethanol -174.8 
C3H8O3 Glycerol -478.6 52 
C3H6O3 Glyceraldehyde -401.22 Estimated using 
Joback method53 C3H6O3 Lactic acid -430.62 
C6H12O6 Glucose -919 54 
C6H12O7 Gluconic acid -1170 
All values are reported under standard conditions of 1 bar and 298 K. 
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Supplementary Table 3.4 Theoretical Gibb’s free energy of reaction (DG0reaction) and overall cell 
potential (|E0cell|) for the cathodic electroreduction of CO2 to formic acid (HCOOH), methanol 
(CH3OH), and ethanol (C2H5OH), coupled to the anodic O2 evolution, or glycerol, glucose, and 
CH4 electrooxidation. 







à Formic acid 
 
CO2 + 2H2O + 2e- 
à HCOOH + 2OH- 
Water à Oxygen 
2OH- à H2O + 0.5O2 + 2e- 
CO2 + H2O 
à HCOOH + 0.5O2 
270.10 1.40 
Glycerol à Glyceraldehyde 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
CO2 + C3H8O3 
à HCOOH + C3H6O3 
110.38 0.57 
Glycerol à Lactic acid 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
CO2 + C3H8O3 
à HCOOH + C3H6O3 
80.98 0.42 
Glycerol à Formic acid 
C3H8O3 + 8OH- à 3HCOOH + 5H2O + 8e- 
0.57CO2 + 0.43H2O + 0.14C3H8O3 
à HCOOH 33.96 0.31 
Glucose à Gluconic acid 
C6H12O6 + 2OH- à C6H12O7 + H2O + 2e- 
CO2 + H2O + C6H12O6 
à HCOOH + C6H12O7 
19.10 0.10 
Methane à Methanol 
CH4 + 2OH- à CH3OH + H2O + 2e- 
CO2 + H2O + CH4 
à HCOOH + CH3OH 
154.00 0.80 
Methane à Carbon monoxide 
CH4 + 6OH- à 5H2O + CO + 6e- 
CO2 + 0.33H2O + 0.33CH4 




CO2 + 5H2O +6e- 
à CH3OH + 6OH- 
Water à Oxygen 
2OH- à H2O + 0.5O2 + 2e- 
CO2 + 2H2O 
à CH3OH + 1.5O2 
702.00 1.21 
Glycerol à Glyceraldehyde 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
CO2 + 3C3H8O3 
à CH3OH + 3C3H6O3 + H2O 
222.84 0.38 
Glycerol à Lactic acid 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
CO2 + 3C3H8O3 
à CH3OH + 3C3H6O3 + H2O 
134.64 0.23 
Glycerol à Formic acid 
C3H8O3 + 8OH- à 3HCOOH + 5H2O + 8e- 
CO2 + 0.75C3H8O3 + 1.25H2O 
à CH3OH + 2.25HCOOH 
69.98 0.12 
Glucose à Gluconic acid 
C6H12O6 + 2OH- à C6H12O7 + H2O + 2e- 
CO2 + 3C6H12O6 +2H2O 
à CH3OH + 3C6H12O7 
-51.00 0.09 
Methane à Methanol 
CH4 + 2OH- à CH3OH + H2O + 2e- 
0.25CO2 + 0.75CH4 + 0.5H2O 
à CH3OH 
88.43 0.61 
Methane à Carbon monoxide 
CH4 + 6OH- à 5H2O + CO + 6e- 
CO2 + CH4 





2CO2 + 9H2O +12e- 
à C2H5OH + 12OH- 
Water à Oxygen 
2OH- à H2O + 0.5O2 + 2e- 
2CO2 + 3H2O 
à C2H5OH + 3O2 
1325.30 1.14 
Glycerol à Glyceraldehyde 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
2CO2 + 6C3H8O3 
à C2H5OH + 6C3H6O3 + 3H2O 
366.98 0.32 
Glycerol à Lactic acid 
C3H8O3 + 2OH- à C3H6O3 + 2H2O + 2e- 
2CO2 + 6C3H8O3 
à C2H5OH + 6C3H6O3 + 3H2O 
190.58 0.16 
Glycerol à Formic acid 
C3H8O3 + 8OH- à 3HCOOH + 5H2O + 8e- 
2CO2 + 1.5C3H8O3 + 1.5H2O 
à C2H5OH + 4.5HCOOH 
61.25 0.05 
Glucose à Gluconic acid 
C6H12O6 + 2OH- à C6H12O7 + H2O + 2e- 
2CO2 + 6C6H12O6 +3H2O 
à C2H5OH + 6C6H12O7 
-180.70 0.16 
Methane à Methanol 
CH4 + 2OH- à CH3OH + H2O + 2e- 
2CO2 + 6CH4 + 3H2O 
à C2H5OH + 6CH3OH 
628.70 0.54 
Methane à Carbon monoxide 
CH4 + 6OH- à 5H2O + CO + 6e- 
2CO2 + 2CH4 
à C2H5OH + 2CO + H2O 
203.50 0.18 
DG0reaction and |E0cell| calculated with the same method as Table 3.2.  Note, the minor discrepancy in the |E0cell| values between Table 
3.1 and Supplementary Table 3.4 is due to the subtle differences in the electrochemistry and thermochemistry data used to estimate 
|E0cell| in Table 3.1 and Supplementary Table 3.4, respectively. 
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Supplementary Table 3.5 Electrochemical performance data for the electroreduction of CO2 on 




















-1.60 -0.15 1.45 0.87 55.80 - 0.48 - 
-1.70 -0.23 1.47 1.90 92.81 - 1.76 - 
-1.80 -0.31 1.48 4.99 93.85 - 4.68 - 
-1.90 -0.39 1.50 12.77 98.74 7.11 12.61 0.91 
-2.00 -0.47 1.51 27.35 91.79 6.26 25.11 1.71 
-2.10 -0.53 1.53 48.31 90.95 6.88 43.94 3.32 
-2.20 -0.57 1.55 68.00 94.92 7.42 64.54 5.05 
-2.30 -0.62 1.58 105.75 93.39 8.80 98.76 9.31 
Catalyst loading = 1 ± 0.1 mg cm–2, catholyte = 2.0 M KOH, and anolyte = 2.0 M KOH. 
 
Supplementary Table 3.6 Electrochemical performance data for the electroreduction of CO2 on 
a Ag nanoparticle coated GDL cathode coupled to the electrooxidation of glycerol on a Pt black 



















-0.75 -0.13 0.62 0.70 49.36 - 0.35 - 
-0.80 -0.18 0.62 0.93 74.01 - 0.69 - 
-0.90 -0.28 0.62 2.29 100.90 - 2.31 - 
-1.00 -0.38 0.62 6.21 95.11 9.04 5.91 0.56 
-1.10 -0.45 0.64 14.22 99.91 7.19 14.21 1.02 
-1.20 -0.51 0.67 26.88 93.92 8.08 25.24 2.17 
-1.30 -0.55 0.70 44.83 94.79 9.21 42.50 4.13 
-1.40 -0.59 0.73 67.79 96.25 8.81 65.25 5.97 
-1.50 -0.63 0.76 94.67 93.42 8.86 88.44 8.39 
Catalyst loading = 1 ± 0.1 mg cm–2, catholyte = 2.0 M KOH, and anolyte = 2.0 M KOH + 2.0 M glycerol. 
 
Supplementary Table 3.7 Electrochemical performance data for the electroreduction of CO2 on 
a Ag nanoparticle coated GDL cathode coupled to the electrooxidation of glucose on a Pt black 



















-0.95 -0.13 0.81 1.15 25.12 - 0.29 - 
-1.00 -0.18 0.81 1.41 50.74 - 0.72 - 
-1.10 -0.24 0.83 2.34 79.92 - 1.87 - 
-1.20 -0.31 0.86 4.55 98.85 - 4.49 - 
-1.30 -0.37 0.90 6.87 94.98 - 6.52 - 
-1.40 -0.41 0.94 11.75 95.69 - 11.24 - 
-1.50 -0.41 1.02 13.13 95.09 - 12.49 - 
Catalyst loading = 1 ± 0.1 mg cm–2, catholyte = 2.0 M KOH, and anolyte = 2.0 M KOH + 2.0 M glucose. 
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Supplementary Table 3.8 Electrochemical performance data for the electroreduction of CO2 on 




















-1.80 -0.33 1.47 1.62 29.48 19.60 0.48 0.32 
-1.90 -0.40 1.49 6.06 28.90 66.26 1.75 4.01 
-2.00 -0.47 1.51 17.09 25.86 67.91 4.42 11.61 
-2.10 -0.53 1.53 32.42 17.71 81.37 5.74 26.38 
-2.20 -0.58 1.56 53.47 14.15 80.82 7.56 43.21 
-2.30 -0.65 1.57 82.52 10.52 85.50 8.68 70.56 
Catalyst loading = 1 ± 0.1 mg cm–2, catholyte = 2.0 M KOH, and anolyte = 2.0 M KOH. 
 
Supplementary Table 3.9 Electrochemical performance data for the electroreduction of CO2 on 
a Sn nanoparticle coated GDL cathode coupled to the electrooxidation of glycerol on a Pt black 



















-0.95 -0.30 0.64 0.93 43.64 34.21 0.40 0.32 
-1.00 -0.35 0.64 2.11 48.19 43.28 1.02 0.92 
-1.10 -0.43 0.65 9.04 33.91 66.03 3.07 5.97 
-1.20 -0.49 0.67 19.69 22.67 74.71 4.47 14.71 
-1.30 -0.55 0.70 34.27 15.60 83.50 5.35 28.62 
-1.40 -0.59 0.73 52.46 12.29 86.39 6.45 45.32 
-1.50 -0.64 0.75 72.95 10.34 85.01 7.54 62.01 
Catalyst loading = 1 ± 0.1 mg cm–2, catholyte = 2.0 M KOH, and anolyte = 2.0 M KOH + 2.0 M glycerol.
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Supplementary Table 3.10 Electrochemical performance data for the electroreduction of CO2 on a Cu nanoparticle coated GDL cathode 






































-1.80 -0.28 1.49 5.16 66.58 11.49 - 0.18 - - 3.43 0.59 - 0.01 - - 
-1.90 -0.36 1.51 13.70 66.49 15.86 - 1.38 - - 9.11 2.17 - 0.19 - - 
-2.00 -0.41 1.53 31.02 66.47 14.42 - 5.29 - - 20.62 4.47 - 1.64 - - 
-2.10 -0.46 1.55 54.21 57.35 13.13 - 8.39 4.70 - 31.09 7.12 - 4.55 2.55 - 
-2.20 -0.51 1.57 83.37 52.70 12.82 - 14.03 6.92 3.84 43.93 10.69 - 11.70 5.77 3.20 
-2.30 -0.55 1.59 119.04 49.01 12.07 0.01 20.44 8.01 4.01 58.34 14.37 0.01 24.33 9.54 4.77 
Catalyst loading = 1 ± 0.1 mg cm–2, catholyte = 2.0 M KOH, and anolyte = 2.0 M KOH. 
 
Supplementary Table 3.11 Electrochemical performance data for the electroreduction of CO2 on a Cu nanoparticle coated GDL 






































-0.95 -0.28 0.65 4.93 59.14 13.88 - 0.19 - - 2.92 0.68 - 0.01 - - 
-1.00 -0.32 0.65 7.99 56.09 15.68 - 0.41 - - 4.48 1.25 - 0.03 - - 
-1.10 -0.38 0.68 18.56 56.78 15.42 - 2.39 - - 10.54 2.86 - 0.44 - - 
-1.20 -0.43 0.70 33.87 58.63 16.94 - 5.59 - - 19.86 5.74 - 1.89 - - 
-1.30 -0.47 0.73 51.92 49.94 14.60 - 12.87 4.90 - 25.93 7.58 - 6.68 2.55 - 
-1.40 -0.51 0.75 72.54 46.96 14.73 - 17.07 4.99 5.50 34.06 10.69 - 12.38 3.62 3.99 
-1.50 -0.53 0.77 99.19 42.65 11.01 0.02 23.91 10.70 7.18 42.30 10.92 0.02 23.71 10.61 7.12 
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The Effect of Electrolyte Composition on the Electroreduction of CO2 to CO 
on Ag Based Gas Diffusion Electrodes 
4.1 Chapter Overview 
 Electroreduction of CO2 to C1-C2 chemicals can be a potential strategy for utilizing CO2 as a 
carbon feedstock.  In this chapter, we investigate the effect of electrolyte on the electroreduction 
of CO2 to CO on Ag based gas diffusion electrodes.  Electrolyte concentration was found to play 
a major role in the process for the electrolytes (KOH, KCl, and KHCO3) studied here.  Several 
fold improvements in partial current densities for CO (jCO) was observed on moving from 0.5 M 
to 3.0 M electrolyte solution independent of the nature of the anion.  jCO as high as 440 mA cm–2 
with energy efficiency (EE) ≈ 42% and 230 mA cm–2 with EE ≈ 54% was observed when using 
3.0 M KOH.  Electrochemical impedance spectroscopy showed that both the charge transfer 
resistance (Rct) and the cell resistance (Rcell) decreased on moving from 0.5 M to 3.0 M KOH 
electrolyte.  Anions were found to play an important role with respect to reducing the onset 
potential for CO in the order OH– (–0.13 V vs. RHE) < HCO3– (–0.46 V vs. RHE) < Cl– (–0.60 V 
vs. RHE).  The decrease in Rct on increasing electrolyte concentration and the effect of anions on 
the cathode can be explained by an interplay of different interactions in the electrical double layer 
that can either stabilize or destabilize the rate limiting CO2•– radical.  EMIM based ionic liquids 
and 1:2 Choline Cl urea based deep eutectic solvents (DES) have been used for CO2 capture but 
exhibit low conductivity.  Here, we investigate if the addition of KCl to such solutions can improve 
																																																						
* Parts of this chapter have been adapted from the following publication: Verma, S., Lu, X., Ma, S., Masel, R. I. & 
Kenis, P. J. A. The Effect of Electrolyte Composition on the Electroreduction of CO2 to CO on Ag based Gas Diffusion 
Electrodes. Phys. Chem. Chem. Phys. 18, 7075-7084, (2016).  Reprinted with permission from the PCCP owner 
societies.   
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conductivity and hence jCO.  Electrolytes containing KCl in combination with EMIM Cl, Choline 
Cl, or DES showed a two to three-fold improvement in jCO in comparison to those without KCl.  
Using such mixtures can be a strategy for integrating the process of CO2 capture with CO2 
conversion. 
4.2 Introduction 
 Carbon dioxide (CO2) levels in the atmosphere have risen from 320 to more than 400 ppm in 
the past 50 years1.  In a recent paper, Feldman et al. provided the first experimental evidence of 
how rising CO2 levels are affecting the Earth’s surface energy balance leading to adverse 
environmental impact2.  Simultaneous implementation of multiple approaches has been proposed 
to mitigate the negative effects of high global CO2 emissions3.  These include switching from 
traditional fossil fuel power plants to renewable energy sources, increasing energy efficiency of 
vehicles and buildings, and the capture and sequestration of CO2.  Electrocatalytic conversion of 
CO2 into value added chemicals and fuels could also be an important means of reducing CO2 
emissions4-8.  Depending on the catalyst, electrolyte, and reaction conditions being used9,10, 
different products such as methanol (CH3OH)11-13, formic acid (HCOOH)14-17, and carbon 
monoxide (CO)18-23 are formed.  Furthermore, this approach can also be used to store otherwise 
wasted excess energy from renewable sources when supply exceeds demand. 
 In this work, we focus on the electrocatalytic conversion of CO2 to CO in an electrochemical 
flow reactor developed earlier in our group14.  CO is an important carbon intermediate used for the 
production of chemicals such as acetic acid24, phosgene25, and aldehydes26.  Furthermore, mixtures 
of H2 and CO (“syngas”) can be used to produce higher hydrocarbons and combustion fuels via 
the Fischer-Tropsch process27,28.  Although the standard reduction potential for conversion of CO2 
to CO is low (i.e., –0.109 V vs. SHE at pH = 0), the reaction suffers from high activation 
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overpotential10,29.  The reason for such a high overpotential is often attributed to the high 
equilibrium potential associated with the formation of the radical intermediate CO2•– during the 
first step of the reaction30.  This reaction proceeds with an equilibrium potential value of –1.9 V 
vs. SHE31. 
 Starting with the seminal work of Hori et al.32 that pointed out Au, Ag, and Zn to be active for 
this reaction, a lot of cathode catalysts have been reported18-20,22,33.  In prior work, we as well as 
others have studied Ag catalysts with respect to the electroreduction of CO2 to CO21,34-36.  We have 
also looked at the effect of catalyst layer deposition method for electrode preparation37, and the 
effect of support materials such as TiO2 on this electrochemical reaction23. 
 Electrolytes have been shown to play a major role in the electroreduction of CO2 to CO.  For 
example, Rosen et al. proposed the use of an ionic liquid electrolyte 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMIM BF4) as a co-catalyst to stabilize the radical intermediate CO2•– 38.  CO 
was formed at an onset cell potential of –1.5 V, much lower than the onset potential observed when 
using electrolytes such as aqueous KCl, or acetonitrile (nearly –2.2 V).  Sun et al. showed that the 
addition of ionic liquid 1-ethyl-3-methylimidazolium bis(trifluouromethylsulfonyl)imide (EMIM 
TF2N) lowered the reduction potential and favored the formation of CO over oxalate when using 
Pb on the cathode39.  Zhu et al. used choline chloride (Choline Cl) to suppress hydrogen (H2) 
formation and lower the reduction potential of bicarbonate (HCO3–) to CO40.  However, in most 
of the ionic liquid related work, the partial current density for CO (jCO) was typically low (less 
than 5 mA cm–2).  This observation was attributed to the low ionic conductivity of such solutions38.  
Several others have used EMIM based ionic liquids and Choline Cl based deep eutectic solvents 
(DES) for post combustion CO2 capture as well41-43. 
 In other work, Thorson et al. investigated the influence of several different alkali cations on 
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the electroreduction of CO2 to CO44.  Analysis of the Faradaic efficiencies suggested that larger 
cations suppressed H2 evolution while favoring CO2 reduction.  Earlier Hori et al. showed that the 
choice of the cation for bicarbonate electrolytes can severely change the distribution of products 
on Cu cathodes45.  Wu et al. reported a difference in activity and selectivity of Sn electrodes when 
different electrolytes such as K2SO4, KCl, or NaHCO3 were used46. 
 Here, we attempt to further understand the effect of electrolytes on the electroreduction of CO2 
to CO.  We first look at how changing the electrolyte concentration affects jCO.  We then investigate 
the effect of anions on onset potentials and jCO for this reaction. Using electrochemical impedance 
spectroscopy (EIS), we try to provide mechanistic insights into the effect of electrolyte 
concentration and anions on the reaction.  Subsequently, we design and explore a combination of 
EMIM Cl, Choline Cl, and a Choline Cl based DES (1:2 Choline Cl urea mixture) with KCl to 
develop a strategy to improve jCO for ionic liquid and DES based electrolytes by improving their 
conductivity.  Such an electrolyte mixture can be used for integrating the process of CO2 capture 
with CO2 conversion. 
4.3 Experimental 
Preparation of Electrodes 
 The cathodes were prepared by spraying the catalyst ink on a Sigracet 35 BC gas diffusion 
layer electrode (GDL) (Ion Power Inc.) using an automated air-brush setup37.  Four cathodes were 
made at a time.  Unsupported Ag nanoparticles (<100 nm, 99.5% trace metal basis, Sigma Aldrich) 
were used as the catalyst.  The catalyst ink was prepared by mixing 42 mg of Ag with 1600 µL of 
E-pure water (>17.9 MΩ cm), 55 µL of Nafion solution (5 wt%, Fuel Cell Earth), and 1600 µL of 
isopropyl alcohol.  The mixture was then sonicated (Vibra-Cell ultrasonic processor, Sonics & 
Materials) for 20 minutes.  The resulting solution was then airbrushed onto a GDL with a geometric 
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area of 5 x 2 cm2.  The actual catalyst loading was determined by weighing the GDL before and 
after deposition.  Anodes were prepared by hand painting a mixture of 4.5 mg IrO2 non-hydrate 
(99.99% metals basis, Ir 84.5% min, Alfa-Aeser), 200 µL of E-pure water (>17.9 MΩ cm), 15 µL 
of Nafion solution (5 wt%, Fuel Cell Earth), and 200 µL of isopropyl alcohol on a Sigracet 35 BC 
gas diffusion layer electrode (GDL) (Ion Power Inc.) with a geometric area of 2.5 x 0.8 cm2.  Hand 
painting was done using a paintbrush.  The GDL was weighed before and after painting to 
determine the actual catalyst loading.  All the cathodes had a final loading of 2 ± 0.1 mg cm–2 Ag 
and all anodes had a final loading of 2 ± 0.1 mg cm–2 IrO2. 
Preparation of Electrolytes 
 All salts were purchased and used without any further purification.  Different concentrations 
and compositions of electrolyte were prepared by dissolving the appropriate amount of salt in E-
Pure water (>17.9 MΩ cm) to get a final solution volume of 100 mL.  The following salts were 
used: KCl (product number: BP366, purity: 99.0% min, supplier: Fischer Scientific), KOH 
(product number: P250, purity: assay 86.3%, supplier: Fischer Scientific), KHCO3 (product 
number: 237205, purity: 99.7% granular, supplier: Sigma Aldrich), EMIM Cl (product number: 
IL-0093, purity: >98%, supplier: Iolitec), Choline Cl (product number: C1879, purity: >98%, 
supplier: Sigma Aldrich), and urea (product number: 8648-04, purity: >99%, supplier: Macron 
Fine Chemicals).  The conductivity and pH of the electrolytes was measured using an Orion 4 star 
pH-conductivity meter at 20 °C when required. 
Operation of Electrochemical Flow Reactor 
 A slightly modified version of the flow reactor reported earlier by us was used for the 
electrochemical experiments14.  The only difference in the new design from the old was that we 
replaced the graphite current collector and the aluminium anode with a single stainless-steel anode 
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current collector.  Similar to our previous design, a mass flow controller (Smart Trak 2, Sierra 
Instruments) was used to flow CO2 gas (S.J. Smith Welding Supply) at a set flow rate of 17 sccm 
over the cathode GDL.  High flow rates were used in order to avoid mass transfer limitations and 
the issue of CO2 solubility in the electrolyte.  The strategy resulted in a dilution of the H2 
concentration in the effluent gas stream, which helps it in being analysed accurately by a He carrier 
gas.  A syringe pump (PHD 2000, Harvard Apparatus) was used to pump the electrolyte between 
the cathode and the anode at a flow rate of 0.5 mL min–1.  A pressure controller (Cole Parmer, 
00268TC) was used to maintain low pressure (14.20 psi) in the downstream of the reactor to 
facilitate easier transfer of the gas products formed on the cathode surface to the effluent gas 
stream.  A potentiostat (Autolab PGSTAT-30, EcoChemie) was used to carry out the 
electrochemical reaction.  Experiments were performed in the potentiostatic electrolysis mode and 
under ambient conditions.  A fresh cathode and a fresh anode were used for all experiments.  After 
stepping on to a potential, the current was stabilized for at least 180 seconds before the gas analysis 
was performed.  The gaseous product stream was analysed by sampling 1 mL of the effluent gas 
stream diverted into the gas chromatograph (Thermo Finnigan Trace GC) operating in the thermal 
conductivity detection (TCD) mode, with a Carboxen 1000 column (Supelco) and Helium as the 
carrier gas at a flow rate of 20 SCCM.  The column was held at 150 °C and the TCD detector at 
200 °C.  Liquid products were not analysed for this reaction.  Since GDL were being used as the 
electrodes, fluctuations in current densities were observed due to gas bubbling.  Current was 
averaged over a time period of 240 seconds after the gas analysis was started.  A triple injection 
was used to average out the gaseous product peaks over time.  Error bars on the different plots 
represent errors due to the difference in the three injections and the fluctuations in current density.  
Individual electrode potential was recorded by a multimeter (AMPROBE 15XP-B) connected 
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between the electrode and the reference electrode (Ag/AgCl; 3 mol kg–1 KCl, RE-5B, BASi) as 
shown in our previous work47.  The reference electrode was placed in the inlet stream of the 
electrolyzer to avoid the effect of any pH changes (summarized in Supplementary Table 4.1) that 
occur in the flow cell as a function of electrolyte, cathode potential, and current density.  All 
electrode potentials were converted to RHE according to the Nernst equation (ERHE = 0.210 + 
EAg/AgCl + 0.059*pH). 
Electrochemical Impedance Spectroscopy 
 Electrochemical impedance spectroscopy was performed on the flow cell using the frequency 
response module of the potentiostat (Autolab PGSTAT-30, EcoChemie).  The spectrum was 
recorded in a potentiostatic mode at a cell potential of –2.00 V or –2.25 V.  Higher potentials were 
not used as a significant amount of noise in the data was obtained due to gas bubbling at the GDL.  
Moreover, at lower cell potentials charge transfer plays a more important role than the conductivity 
of the electrolyte solution and hence a better understanding of kinetics can be obtained.  100 
different frequencies (range: 10 kHz to 0.1 Hz) were used to scan the system in a logarithmic step.  
A single sine wave with amplitude of 10 mV was used for the sweep.  The high frequency intercept 
on the x-axis of the Nyquist plot represents the internal resistance of the cell (Rcell), which includes 
the contact resistance and the solution resistance.  The diameter of the semi-circle represents the 
charge transfer resistance (Rct) for the reaction. 
4.4 Results and Discussion 
Effect of Electrolyte Concentration 
 The effect of electrolyte concentration on electrochemical CO2 reduction was studied by 
utilizing different concentrations of aqueous KOH as the electrolyte: 0.5, 1.0, 2.0, and 3.0 M 
(Figure 4.1).  Almost a four-fold improvement in jCO was observed on going from 0.5 M to 3.0 M 
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KOH at a cell potential of –3.00 V (Figure 4.1a).  Similar trends were observed with respect to 
the cathode potential (Figure 4.1c).  A jCO as high as 440 mA cm–2 was obtained at an energetic 
efficiency of 42% (calculated using a method described earlier)6, while an energy efficiency of 
54% can be obtained in combination with a jCO of 230 mA cm–2 (Figure 4.1b).  To the best of our 
knowledge the jCO values reported here are some of the highest reported in the literature when 
operating at ambient conditions.  Other work showing similar current density levels (up to 300 mA 
cm–2) was performed at high pressures (>15 atm) and high overall cell potentials (more negative 
than –3.00 V)36. 
 
Figure 4.1 Partial current density for CO as a function of (a) cell potential, (b) energy efficiency, 
and (c) cathode potential, as well as (d) partial current density for H2 as a function of cathode 
potential for four different KOH electrolyte concentrations when using Ag nanoparticles as the 
cathode catalyst and IrO2 as the anode catalyst.  Reprinted from Phys. Chem. Chem. Phys. 18, 
7075-7084, (2016) with permission from the PCCP owner societies. 
 
 To confirm whether the observed trend of improving jCO with increasing electrolyte 
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concentration is a more general phenomenon, we carried out experiments with aqueous electrolytes 
containing different concentrations of KCl and KHCO3.  A similar trend of increasing jCO upon 
increasing electrolyte concentration was observed in all cases independent of the nature of the 
anion (Figure 4.2).  Min et al.48 and Murata et al.49 had earlier observed this phenomenon for 
KHCO3.  They explained this behavior by indicating that an increase in the concentration of HCO3– 
ions removed OH– formed in the process thereby shifting the reaction equilibrium to favor CO 
production.  Although, this might be a possible explanation for the case of KHCO3, our results 
indicate that the improvement in jCO is independent of the nature of the anion and therefore a more 
general factor might be at play here. 
 
Figure 4.2 Partial current density for CO and H2 using 4 different electrolyte concentrations of (a, 
b) KCl and (c, d) KHCO3 when using Ag nanoparticles as the cathode catalyst and IrO2 as the 
anode catalyst.  Reprinted from Phys. Chem. Chem. Phys. 18, 7075-7084, (2016) with permission 




 To gain further mechanistic insights into the observed phenomena, we performed 
electrochemical impedance spectroscopy on the electrochemical flow reactor at a cell potential of 
–2.00 V using different concentrations of KOH as the electrolyte.  Increasing the electrolyte 
concentration leads to both a reduction in Rcell and Rct (Figure 4.3).  The observed reduction in 
Rcell can be explained by the improvement in ionic conductivity upon increasing the ion 
concentration of the electrolyte.  Since the improvement in jCO was independent of the nature of 
the anion, the observed reduction in the Rct potentially could be attributed to an improved 
stabilization of the rate limiting CO2•– radical intermediate by a higher concentration of K+ ions in 
the outer Helmholtz plane (OHP) of the electrical double layer.   
 
Figure 4.3 Nyquist plot for different electrolytes obtained via electrochemical impedance 
spectroscopy at a cell potential of –2.00 V.  Reprinted from Phys. Chem. Chem. Phys. 18, 7075-
7084, (2016) with permission from the PCCP owner societies. 
 
 Prior work suggests that K+ can act as a co-catalyst by forming ion pairs or ion bridges with 
the CO2•– radical thereby stabilizing it50.  Cations also have been shown to stabilize anionic or even 
neutral intermediates in a similar fashion for certain other electrocatalytic reactions51,52.  Higher 
concentrations of K+ and OH– will lead to a more compact double layer at the electrode-electrolyte 
interface leading to a smaller Debye length or an OHP closer to the electrode surface53.  In 
analogous fashion, in the area of heterogeneous catalysis, alkali metal amalgams have been shown 
78 
 
to catalyze the gas phase reduction of CO2 to CO by forming complexes with the reacting CO2 
species54,55. 
Effect of Anions 
 In many electrocatalytic reactions, the anions present in the electrolyte also play an important 
role.  However, the role of anions in electroreduction of CO2 has not been explored extensively.  
To study the effect of anions, we compared the i-V curves for 2.0 M KOH, 2.0 M KCl, and 2.0 M 
KHCO3 (Figure 4.4).  The here observed onset potential for reduction of CO2 to CO was found to 
vary in the order OH– (–0.13 V vs. RHE) < HCO3– (–0.46 V vs. RHE) < Cl– (–0.60 V vs. RHE) 
(Figure 4.4a), which corresponds to overpotentials of 0.02 V, 0.35 V, and 0.49 V, respectively, 
for these three electrolytes.   
 An improvement in electrochemical performance while using KOH is consistent with prior 
work56,57.  The Faradaic efficiency and jCO was observed to vary in the order of OH– > HCO3– > 
Cl– (Table 4.1). In most cases, the sum of the Faradaic efficiencies for CO and H2 was > 85%.  
HCOOH along with minor liquid products (CH3OH, C2H5OH), and minor gaseous products (CH4) 
should constitute the other 15%29.  Electrochemical impedance spectroscopy carried out at a cell 
potential of –2.25 V reveals an order of magnitude difference between the observed Rct values for 
KOH and for KCl, while the Rct values for HCO3– resides in between (Figure 4.5).  The ratio of 
Rct between KCl and KOH (≈ 80) is approximately equal to the ratio of jtotal between the two at a 




Figure 4.4 Partial current density for (a) CO and (b) H2 using different electrolytes when using 
Ag nanoparticles as the cathode catalyst and IrO2 as the anode catalyst.  Reprinted from Phys. 
Chem. Chem. Phys. 18, 7075-7084, (2016) with permission from the PCCP owner societies. 
 
Table 4.1 Total current density (jtotal), cathode potential and Faradaic efficiencies (FE) for both 
CO and H2 for different concentrations of KOH, KHCO3 and KCl at cell potentials of –2.50 V and 
–2.75 V. 
Electrolyte Conc. (M) pH 
Cell potential = –2.50 V Cell Potential = –2.75 V 
Cathode 
potential  

















0.5 13.23 –0.75 76.1 97.4 3.6 –0.91 98.7 92.5 2.9 
1.0 13.54 –0.78 135.7 94.8 3.1 –0.90 193.1 99.5 3.6 
2.0 13.77 –0.84 196.0 101.6 4.4 –0.98 269.3 97.6 6.0 
3.0 13.97 –0.80 231.3 101.5 4.2 –0.96 342.8 101.2 5.4 
KHCO3 
0.5 8.55 –0.76 12.7 99.2 7.0 –0.90 29.5 93.6 5.2 
1.0 8.56 –0.77 22.2 81.4 9.3 –0.91 50.4 87.0 5.5 
2.0 8.59 –0.73 23.5 87.3 5.7 –0.86 55.5 84.4 5.3 
3.0 8.63 –0.74 28.0 82.5 9.2 –0.88 65.6 81.9 5.5 
KCl 
0.5 6.20 –0.84 8.9 86.3 2.8 –1.02 32.2 75.1 2.6 
1.0 6.32 –0.84 10.1 85.0 2.6 –1.04 39.1 79.6 4.7 
2.0 6.54 –0.81 13.7 77.6 8.5 –0.99 51.4 72.3 3.3 




Figure 4.5 Nyquist plot for different electrolytes obtained via electrochemical impedance 
spectroscopy at a cell potential of –2.25 V.  Reprinted from Phys. Chem. Chem. Phys. 18, 7075-
7084, (2016) with permission from the PCCP owner societies. 
 
 As explained initially by Hori et al.10 and also demonstrated by us later58, one of the most 
important roles of the anion is to modulate surface pH (i.e., act as a buffer), which in turn limits 
the availability of protons on the surface, thereby increasing the number of active sites available 
for electroreduction of CO2 to CO.  Such reasoning can help explain the higher jCO and Faradaic 
efficiencies in the presence of OH– and HCO3– anions as those parameters are directly correlated 
to the number of available active sites.  However, the observed shift in onset potentials cannot be 
satisfactorily explained by the effect of pH alone.  Even though H2 evolution competes with CO2 
reduction, a few active sites should be available for CO2 to convert to CO, and hence an onset 
should be seen.  Analogous to these observations for CO2 reduction, the specific adsorption of 
anions on the electrode surface has been shown to help stabilize or destabilize key reaction 
intermediates in the electrocatalytic reduction of O2 and NO3–52,59.  Smaller anions (such as OH–) 
with a large solvation shell tend to interact with the electrode surface only through electrostatic 
forces and are mostly located beyond the OHP (Figure 4.6a).  Weakly solvated anions (such as 
Cl–) on the other hand tend to interact directly (specific adsorption) with the electrode surface 
(Figure 4.6b)60.  The Gibbs free energy for adsorption of Cl– on a Ag surface is more favourable 
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(–15 kcal mol–1) than Gibbs free energy for OH– (–3.4 kcal mol–1)61.  Since specific adsorption of 
anions play a major role especially at low potentials62, we anticipate that this phenomenon helps 
cause the observed shift in onset potential for CO2 reduction.  The presence of Cl– ions on the 
electrode surface may destabilize the rate limiting CO2•– species and hence limit CO2 reduction.  
The results we report here may appear to deviate from a recent paper that highlights the Cl– anion 
favouring CO formation to a greater extent than the HCO3– anion63.  Moreover, the Faradaic 
efficiencies for CO reported there when using KCl as the electrolyte (<65%) are significantly lower 
than the values we observe here (>80%) with similar electrolyte.  These differences can probably 
be attributed to the use of a different cathode catalyst and preparation method: Airbrushed Ag 
nanoparticles are used in our work, as opposed to in-situ AgCl-derived Ag nanocorals in the work 
by Hsieh et al.  Similar arguments have been reported for a Cu catalyst by Lee et al.64 
 
Figure 4.6 Schematic illustrations of processes in the double layer that play a role in the kinetics 
of CO2 to CO conversion on a Ag cathode when using (a) KOH or (b) KCl as the electrolyte.  
Reprinted from Phys. Chem. Chem. Phys. 18, 7075-7084, (2016) with permission from the PCCP 
owner societies. 
 
 Since, in our work, KOH and KHCO3 tend to perform better than KCl, one might argue that 
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CO32– or HCO3– may be the reacting species.  However, earlier work has established that CO2 is 
the reacting species and not CO32– or HCO3–65.  At higher electrode potentials, the trends in jCO 
can be explained in terms of the higher electrolyte conductivity of KOH in comparison to the 
conductivity of the other electrolytes.  In addition, since our electrode preparation technique 
involved the use of Nafion as a binder for the Ag nanoparticle catalyst, we investigated whether 
sulfonate adsorption plays a role in the electroreduction of CO2 to CO.  Three control experiments, 
all using a cathode comprised of 2 mg cm–2 Ag nanoparticles on a gas diffusion electrode without 
Nafion and an anode comprised of 2 mg cm–2 IrO2 on a gas diffusion electrode, were performed 
using 2.0 M KOH, KHCO3, and KCl, respectively, as the electrolyte.  Removing Nafion from the 
cathode catalyst layer did not have a significant effect on the electrochemical performance in terms 
of jCO and onset potential when using KCl or KHCO3 as the electrolyte (Supplementary Figure 
4.1).  However, when using KOH as the electrolyte, the onset cathode potential for CO dropped 
from –0.13 V to –0.08 V vs. RHE, which is within the error limits (mainly due to inaccuracy in 
pH measurements) of the E0 value of –0.10 V vs. RHE for CO production.  The fact that the onset 
is now equal to the standard potential indicates that sulfonate adsorption is important when using 
KOH as the electrolyte.  This observation in turn supports our earlier argument that specific anion 
adsorption is important for determining the onset potential for the electroreduction of CO2 to CO. 
 As shown in our earlier work56, electrolytes also affect the chemistries taking place on the 
anode.  When using KOH as the electrolyte, the O2 evolution reaction takes place at the anode.  As 
a result, the OH– generated at the cathode has a greater chance to get consumed at the anode.  Such 
a continuous removal of the OH– species from the cathode can enhance CO2 reduction. 
Utilizing Mixtures of KCl with EMIM Cl, Choline Cl, and Choline Cl Based DES 
 Imidazolium based ionic liquids and Choline Cl based deep eutectic solvents (DES) such as a 
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1:2 mixture of Choline Cl and urea are known to be active for CO2 absorption41-43.  So, one can 
imagine using these solutions as electrolytes to combine CO2 capture with CO2 conversion.  
However, one of the biggest drawbacks of these solvents is that their conductivity is low, and 
hence they exhibit low current densities for electrochemical reactions.  To improve the 
conductivity, we designed aqueous electrolyte mixtures comprised of 1.5 M KCl with 0.5 M of, 
respectively, EMIM Cl, Choline Cl, and DES (1:2 mixture of Choline Cl and urea).  Since the 
concentration of electrolyte plays an important role in the process, the total concentration was kept 
constant at 2.0 M for all three mixtures.  The conductivity of all three mixtures was better than the 
conductivity of the additives by themselves at 2.0 M concentration (Table 4.2).   
Table 4.2 Total current density (jtotal), cathode potential and Faradaic efficiencies (FE) for both 
CO and H2 for different mixtures of KCl with EMIM Cl, Choline Cl and 1:2 Choline Cl Urea based 
DES at cell potentials of –2.50 V and –2.75 V. 
Electrolyte pH Conductivity (mS cm–1) 



















2.0 M KCl 6.54 175 –0.81 13.7 77.6 8.5 –0.99 51.4 72.3 3.3 
2.0 M EMIM Cl 4.48 74.1 –0.86 8.0 91.9 4.3 –1.03 25.0 89.3 1.0 
1.5 M KCl + 0.5 M 
EMIM Cl 5.24 136 –0.83 11.5 82.3 27.5 –1.01 42.2 79.6 13.1 
2.0 M Choline Cl 5.92 74.3 –0.82 8.7 79.9 5.9 –1.00 27.6 78.0 3.3 
1.5 M KCl + 0.5 M 
Choline Cl 6.15 142.6 –0.81 13.6 86.6 12.3 –1.00 47.6 85.6 4.0 
2.0 M (1:2) Choline Cl 
Urea 6.45 34.5 –0.68 3.3 81.9 8.9 –0.83 11.6 94.1 1.7 
1.5 M KCl + 0.5 M (1:2) 
Choline Cl Urea 6.52 131.4 –0.72 5.2 81.7 8.4 –0.87 22.1 85.1 4.1 
 
 A 2 to 3 times improvement in jCO was observed for each mixture in comparison to neat 2.0 M 
EMIM Cl, 2.0 M Choline Cl, and 2.0 M (1:2) Choline Cl urea DES (Figures 4.7 and 4.8).  These 
jCO values were comparable to the jCO obtained with aqueous 2.0 M KCl solution.  The Faradaic 
efficiency for CO was greater for the mixtures when compared to the corresponding values 
obtained with the 2.0 M KCl electrolyte (Table 4.2).  This is probably due to a greater stabilization 
of the rate limiting formation of the CO2•– intermediate by the ammonium species.  However, note 
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that at the same time the specific adsorption of ammonium species (when using EMIM+ or 
Choline+) would decrease the number of active sites available for CO2•–.  In addition, for jCO values 
greater than 100 mA cm–2, the electrolyte conductivity starts to play an important role in the 
process.  As a result, the mixtures exhibit jCO values similar to those observed when using 2.0 M 
KCl electrolyte.  Since the DES combination of Choline Cl and urea mixed with KCl performs 
comparably to the aqueous KCl electrolyte, the strategy of mixing DES or ionic liquids with a salt 
of higher conductivity can be used to combine the process of CO2 capture and conversion.   
 
Figure 4.7 Partial current density for CO and H2 using different electrolytes, specifically 
combinations of KCl with (a, b) EMIM Cl and with (c, d) Choline Cl when using Ag nanoparticles 
as the cathode catalyst and IrO2 as the anode catalyst.  Reprinted from Phys. Chem. Chem. Phys. 
18, 7075-7084, (2016) with permission from the PCCP owner societies. 
 
 Similar improvements in performance were also observed for mixtures of 2.5 M KCl with 0.5 
M of EMIM Cl and DES (Supplementary Figure 4.2).  However, the final combination will have 
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to be optimized by balancing the amount of CO2 that needs to be captured (controlled by EMIM 
or DES content) with the rate of conversion of CO2 to CO (controlled by KCl).  Furthermore, a 
rise in pH (from 6.52 to 10.02) was observed when using 1.5 M KCl + 0.5 M 1:2 Choline Cl urea 
DES at relatively high jCO (Supplementary Table 4.1).  Such a rise can have a detrimental effect 
on the stability of these electrolytes as the OH– abstracts the tertiary hydrogen on the ammonium 
ion responsible for capturing CO266.  As a consequence, the electrolyte would have to be 
regenerated, i.e., neutralized before recycling back to the electrolyzer. 
 
Figure 4.8 Comparison of partial current density for (a) CO and (b) H2 for different electrolytes, 
including deep eutectic solvents (DES), when using Ag nanoparticles as the cathode catalyst and 
IrO2 as the anode catalyst.  Reprinted from Phys. Chem. Chem. Phys. 18, 7075-7084, (2016) with 





 Electrolyte composition is known to play an important role in electrochemical processes, and 
this certainly is the case for the electroreduction of CO2 to CO on Ag studied here.  We observed 
that increasing the concentration of the ionic species in the electrolyte (KOH, KCl, and KHCO3) 
leads to an increase in jCO irrespective of the nature of the anion.  jCO values as high as 440 mA 
cm–2 were obtained when using aqueous 3.0 M KOH as the electrolyte.  Both Rct and Rcell decrease 
with increasing electrolyte concentration.  Decrease in Rct indicates a larger extent of stabilization 
of the rate limiting CO2•– radical.  Anions were also found to play a significant role in the process 
with the onset potential for CO formation shifting in the order OH– < HCO3– < Cl–.  Interplay of 
several factors such as pH, conductivity, and, more importantly, specific adsorption of certain 
anions on the electrode surface can be used to explain the various observed phenomena.  More 
rigorous computational efforts or spectroelectrochemical experiments will be needed to further 
unravel or confirm proposed mechanisms.  Deeper understanding of how electrolyte composition 
affects (and ideally promotes) the electroreduction of CO2 can guide the design and associated 
optimum operation conditions of more efficient electrocatalytic systems.  
 Mixtures of KCl with, respectively, Choline Cl, EMIM Cl, or DES (1:2 mixture of Choline Cl 
and urea) were also explored because of their potential to enhance CO2 absorption.  Higher jCO 
values were observed when using these mixtures as the electrolyte compared to when using neat 
aqueous Choline Cl, EMIM Cl, or DES of equal concentration.  These electrolyte mixtures hold 




4.6 Supplementary Information 
Supplementary Table 4.1 Total current density (jtotal), cathode potential, initial, and final pH for 
different electrolytes at cell potentials of –2.25 V and –2.75 V. 
Electrolyte Initial pH 
Cell potential = –2.25 V Cell potential = –2.75 V 
Cathode potential 
(V vs. RHE) 
jtotal Final pH Cathode potential (V vs. RHE) 
jtotal Final 
pH (mA cm–2) (mA cm–2) 
2.0 M KCl 6.54 –0.60 1.7 6.66 –0.99 51.4 10.21 
2.0 M KHCO3 8.59 –0.60 7.3 8.60 –0.87 55.5 8.81 
2.0 M KOH 13.77 –0.66 105.4 13.72 –0.98 269.3 13.61 
1.5 M KCl + 0.5 M 
(1:2) Choline Cl Urea 6.52 –0.55 0.9 6.64 –0.87 22.1 10.02 
 
 
Supplementary Figure 4.1 Partial current density for CO using different electrolytes when using 
Ag nanoparticles without Nafion as the cathode catalyst and IrO2 as the anode catalyst.  Reprinted 






Supplementary Figure 4.2 Partial current density for CO using different electrolytes, specifically 
combinations of KCl with (a) 1:2 Choline Cl urea DES and with (b) EMIM Cl when using Ag 
nanoparticles as the cathode catalyst and IrO2 as the anode catalyst.  Reprinted from Phys. Chem. 
Chem. Phys. 18, 7075-7084, (2016) with permission from the PCCP owner societies. 
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Insights into the Low Overpotential Electroreduction of CO2 to CO on a 
Supported Gold Catalyst in an Alkaline Flow Electrolyzer 
5.1 Chapter Overview 
 Cost competitive electroreduction of CO2 to CO requires electrochemical systems that exhibit 
partial current density (jCO) exceeding 150 mA cm-2 at cell overpotentials (|ηcell|) less than 1 V.  
However, achieving such benchmarks remains difficult.  In this chapter, we report the 
electroreduction of CO2 on a supported gold catalyst in an alkaline flow electrolyzer with 
performance levels close to the economic viability criteria.  Onset of CO production occurred at 
cell and cathode overpotentials of just -0.25 and -0.02 V, respectively.  High jCO (~99, 158 mA 
cm-2) was obtained at low |ηcell| (~0.70, 0.94 V) and high CO energetic efficiency (~63.8, 49.4%).  
The performance was stable for at least 8 h.  Additionally, the onset cathode potentials, kinetic 
isotope effect, and Tafel slopes indicates the low overpotential production of CO in alkaline media 
to be the result of a pH independent rate determining step (i.e., electron transfer) in contrast to a 
pH dependent overall process. 
5.2 Introduction 
 Carbon dioxide (CO2) levels in the earth’s atmosphere has been on a constant rise in the past 
few decades, with the daily average value exceeding and staying above the 400 ppm mark in 2016 
for the first time in recorded human history1.  This rise in atmospheric CO2 levels has been 
																																																						
* Parts of this chapter have been adapted from the following publication: Verma, S., Hamasaki, Y., Kim, C., Huang, 
W., Lu, S., Jhong, H. R. M., Gewirth, A. A., Fujigaya, T., Nakashima, N., & Kenis, P. J. A. Insights into the Low 
Overpotential Electroreduction of CO2 to CO on a Supported Gold Catalyst in an Alkaline Flow Electrolyzer. ACS 
Energy Lett. 3, 193-198, (2018).  Reprinted with permission.  Copyright 2018, American Chemical Society. 
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correlated to the increase in global mean temperature anomalies and the associated climate change 
effects2.  Thus, developing cost effective technologies that can mitigate, capture, or utilize excess 
anthropogenic CO2 emissions remain a grand challenge for the 21st century3.  The electroreduction 
of CO2 to value added C1-C2 chemicals (e.g., formic acid (HCOOH), carbon monoxide (CO), 
methanol, ethanol, ethylene, etc.) using renewable energy could be one approach for utilizing and 
reducing the excess CO2 emissions4,5.  However, prior technoeconomic analysis suggests that out 
of the myriad of C1-C2 chemicals that can be obtained via the electroreduction of CO2, producing 
CO and HCOOH seem to be the most viable as the process can become cost competitive with the 
existing industrial methods to manufacture the same6,7. 
 Starting with the early work of Hori et al.8,9, many studies have focused on the development 
of active, selective, and stable catalysts as well as electrolytes for the electroreduction of CO210-12.  
In particular, for the electroreduction of CO2 to CO, gold (Au)13-17 and silver (Ag)18-23 have been 
shown to be two of the most active catalytic materials.  Yet, even after almost two decades of 
research, achieving high levels of activity (partial current density for CO (jCO) >150 mA cm-2) at 
low cell overpotentials (|ηcell| <1 V), a criterion required for the economic viability of the CO2 
electroreduction process6,24, remains challenging25.  Such a behavior can primarily be attributed to 
a combination of: (1) low solubility of CO2 in aqueous solutions (~35 mM at 298 K and 1 atm 
pressure)26 causing mass transport limitations when using dissolved CO2 as the reactant, and (2) a 
high activation barrier associated with the formation of the rate determining CO2- radical27,28.  
While the use of gas diffusion layer (GDL) electrode based flow electrolyzers could be a reactor 
engineering approach to circumvent CO2 mass transport limitations by supplying a continuous 
CO2 stream at the electrode-electrolyte interface29,30, electrolyte engineering approaches such as 
the use of imidazolium based ionic liquids31, large cations32,33, and alkaline media are alternative 
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methods to lower overpotentials and improve activity34,35.  However, the mechanism behind the 
beneficial effects of such electrolytes (especially alkaline media/high pH) is still poorly 
understood. 
 In this chapter, we report the active, selective, and stable electroreduction of CO2 to CO using 
Au nanoparticles supported on poly(2,2′-(2,6-pyridine)-5,5′-bibenzimidazole) polymer (PyPBI) 
wrapped multiwall carbon nanotubes (MWNTs) as the cathode catalyst (MWNT/PyPBI/Au).  The 
MWNT/PyPBI/Au catalyst was further utilized to provide new insights into the reaction 
mechanism and durability of CO2 electroreduction at high electrolyte pH. 
5.3 Experimental 
Synthesis of the MWNT/PyPBI/Au Catalyst 
 The poly(2,2′-(2,6-pyridine)-5,5′-bibenzimidazole) polymer (PyPBI) was synthesized using a 
procedure described earlier in the literature36,37.  3 mg of the as synthesized PyPBI was dissolved 
in 15 mL of N,N-dimethylacetamide (DMAc) (product number: D137510, purity: 99%, supplier: 
Sigma Aldrich) via sonication (Vibra-Cell ultrasonic processor, Sonics and Materials) for 2 hours.  
15 mg of the multiwall carbon nanotubes (MWNT) (Nikkiso Corp) was added to the solution of 
PyPBI in DMAc.  The mixture was then sonicated for 4 hours to ensure the complete and uniform 
wrapping of the MWNTs with the PyPBI polymer.  The resulting solution was filtered using a 
PTFE (Teflon) filter paper (0.2 micron, Sterlitech), followed by a rinse with DMAc 4 times (to 
remove the leftover PyPBI) and methanol 5 times (to remove the excess DMAc).  The residual 
black powder was dried overnight in a vacuum oven to remove the leftover solvents resulting in 
MWNT/PyPBI.  15 mg of the as synthesized MWNT/PyPBI support was dispersed in 45 mL of 
an ethylene glycol (product number: 293237, purity: ≥99%, supplier: Sigma Aldrich)/deionized 
(DI) water (>18.0 MΩ cm) mixture (volume ratio = 3:2), via sonication for 20 minutes.  5.2 mg of 
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gold(III) chloride hydrate (precursor for the Au nanoparticles, product number: 254169, purity: 
99.999% trace metals basis, supplier: Sigma Aldrich) was added to 30 mL of the ethylene 
glycol/DI water mixture.  The resulting solution was then mixed with the MWNT/PyPBI 
dispersion (via stirring) in a 3-neck flask for 15 minutes.  3 mL of the freshly prepared 0.1 M 
sodium borohydride (reducing agent, product number: 480886, purity: 99.99% trace metals basis, 
supplier: Sigma Aldrich) was added to the solution using a drop by drop funnel.  The mixture was 
continuously stirred for 24 hours under an atmosphere of Nitrogen (N2) gas at room temperature.  
Subsequently, the mixture was filtered using a PTFE (Teflon) filter paper (0.2 micron, Sterlitech), 
followed by a rinse with DI water 5 times (to remove the leftover sodium borohydride).  The 
residual black powder was dried overnight in a vacuum oven to remove the leftover solvents 
resulting in MWNT/PyPBI/Au. 
Characterization of the MWNT/PyPBI/Au Catalyst 
 The transmission electron microscopy (TEM) imaging of the as synthesized 
MWNT/PyPBI/Au catalyst was carried out using a Philips CM200 transmission electron 
microscope operating at 200 kV.  Dilute suspensions of the MWNT/PyPBI/Au catalyst were 
prepared by sonicating the catalyst in a solution of isopropyl alcohol for 20 minutes.  A few 
droplets of the suspension were then dropped onto a TEM grid (holey carbon coated 200 mesh 
copper) and dried overnight at room temperature, before the TEM image was taken.  The 
composition analysis of the as synthesized MWNT/PyPBI/Au catalyst was performed using a Q50 
thermogravimetric analyzer (TA Instruments) under a constant flow of air at a heating rate of 10 °C 
min-1.  The loss of MWNT and PyPBI in the 0 to 900 °C temperature range was used to determine 
the weight fraction of Au on the MWNT/PyPBI/Au catalyst. 
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Preparation of the Catalyst Coated Gas Diffusion Layer (GDL) Electrodes 
 The cathodes for the electrochemical experiments were prepared by depositing the cathode 
catalyst ink onto a Sigracet 35 BC gas diffusion layer (GDL) electrode (Ion Power Inc.) by an 
automated airbrush method38.  2 cathodes with a geometric surface area of 5 x 1 cm2 were prepared 
at a time.  The cathode catalyst ink was prepared by mixing 10 mg of the as synthesized 
MWNT/PyPBI/Au catalyst with 2 mL of DI water, 26 µL of Nafion solution (5 wt.%, Fuel Cell 
Earth), and 2 mL of isopropyl alcohol.  Nafion was chosen as a binder to provide structural 
durability as well as optimize the hydrophobic/hydrophilic nature of the catalyst layer39.  For the 
control experiments using <100 nm Au nanoparticles (product number: 636347, purity: 99.9% 
trace metals basis, supplier: Sigma Aldrich) as the cathode catalyst, the ink was prepared by mixing 
2 mg of Au nanoparticles with 400 µL of DI water, 5.2 µL of Nafion solution, and 400 µL of 
isopropyl alcohol.  The catalyst ink was sonicated for 20 minutes to prepare a homogeneous 
solution.  The resulting solution was airbrushed on the GDL to form the catalyst coated GDL 
cathode.  The GDL was weighed before and after the deposition process to determine the actual 
catalyst loading.  All cathodes had a final loading of 1 ± 0.1 mg cm-2 for the MWNT/PyPBI/Au 
coated GDL and 0.18 ± 0.02 for the Au nanoparticle coated GDL, indicating a ~50% loss of 
material during the automated airbrush deposition process.  The anodes were prepared by 
depositing a sonicated (for 20 minutes) mixture of 9.5 mg of IrO2 non-hydrate (product number: 
43396, purity: 99.99% metals basis, supplier: Alfa Aesar), 400 µL of DI water, 31 µL of Nafion 
solution, and 400 µL of isopropyl alcohol, onto a Sigracet 35 BC GDL via hand painting using a 
paintbrush.  The geometric area of the GDL was 2.5 x 0.8 cm2.  All the anodes (weighed before 
and after the deposition) had a final loading of 4.25 ± 0.25 mg cm-2. 
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Preparation of the Electrolytes 
 The different electrolyte compositions studied in this work were prepared by dissolving the 
appropriate amounts of the salt (used as purchased) in DI water (>18.0 MΩ cm).  The different 
salts used in this work were: KOH (product number: P250, purity: assay 86.3%, supplier: Fischer 
Scientific), K2CO3 (product number: 97062-474, purity: ≥99%, supplier: VWR), KHCO3 (product 
number: 237205, purity: 99.7%, supplier: Sigma Aldrich), and KCl (product number: BP366, 
purity: 99.0% min, supplier: Fischer Scientific).  The pH and conductivity of the electrolytes was 
measured using an Orion 4-star pH conductivity meter. 
Electroreduction of CO2 in a Flow Electrolyzer 
 The electroreduction of CO2 to CO was performed in a flow electrolyzer, as previously 
reported by us (Supplementary Figure 5.1)29.  A CO2 (Airgas) flow rate (FCO2) of 17 sccm was 
maintained over the cathode GDL using a Smart Trak 2 (Sierra Instruments) flow controller.  The 
electrolyte was circulated at a flow rate of 0.5 mL min-1 between the cathode and the anode using 
a syringe pump (PHD 2000, Harvard Apparatus).  The electrochemical experiments were 
performed at a constant cell potential using a potentiostat (Autolab PGSTAT-30, EcoChemie).  
The gaseous products were analyzed using the thermal conductivity detector (TCD) mode of an 
in-line gas chromatograph (Thermo Finnigan Trace GC) with a Carboxen 1000 column (Supelco), 
and Helium (at a flow rate of 20 sccm) as the carrier gas.  To facilitate an easier transfer of the 
gaseous products from the cathode surface to the effluent product stream, a low pressure (14.20 
psi) was maintained in the electrolyzer downstream using a pressure controller (Cole Parmer, 
00268TC).  1 mL of the gas product was diverted into the gas chromatograph for the analysis.  The 
column and the TCD were maintained at a temperature of 150 °C and 200 °C respectively.  Since, 
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the goal of this work was to investigate the formation of CO, the liquid products of CO2 
electroreduction were not analyzed.   
 After an operating cell potential was turned on, the current was stabilized for at least 180 
seconds before the GC analysis was performed.  Since our electrochemical experiments were 
performed in a GDL based flow electrolyzer, we observed fluctuations in the current density over 
time due to bubble formation on the electrode surface.  To accurately quantify the electrochemical 
results (i.e., the total current density and the concentration of products in the effluent gas stream), 
(1) the current was averaged over a 240 second time-period; and (2) 3 separate product injections 
were made into the GC at regular intervals of 90 seconds to average out the product concentration 
over time.  The error bars reported in this manuscript represent the fluctuations in the current 
density data and the difference between the 3 product sample injections.  The individual electrode 
potentials were measured using a multimeter (AMPROBE 15XP-B) placed between the electrode 
(cathode or anode) and the reference electrode (Ag/AgCl, 3 mol kg-1, RE-5B BASi)40.  The 
reference electrode was placed in the electrolyte stream near the electrolyzer inlet.  All potentials 
reported in this work are the actual measured values without any iR correction unless stated 
otherwise.  For instances where iR correction was performed, a procedure reported previously in 
the literature was followed40.  For the durability test, the electrochemical experiment was 
performed at a constant cathode potential instead of a constant cell potential.  The individual 
electrode potentials measured on the Ag/AgCl scale (EAg/AgCl) were converted to the reversible 
hydrogen electrode (RHE) scale (ERHE) using the equation: ERHE = 0.210 + EAg/AgCl + 0.058 x pH 
(At 293 K). 
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5.4 Results and Discussion 
 Previously, we reported similar catalysts i.e., platinum (diameter <5 nm)41,42, and Au 
nanoparticles (diameter 1-20 nm)43, supported on PyPBI wrapped MWNTs for the oxygen (O2) 
and CO2 electroreduction reactions, respectively.  Since, catalyst nanoparticle size is known to 
affect the electroreduction of CO2 to CO, with a dramatic enhancement in the mass activity being 
observed when using Ag or Au nanoparticles with diameter less than 10 nm16,17,23, we refined our 
synthesis method (i.e., lowered the target Au loading on the MWNT/PyPBI support from ~50% 
by weight in ref 43 to ~15% by weight in this work)44 to deposit 3.4 ± 1.3 nm Au nanoparticles on 
the PyPBI wrapped MWNT support (Figures 5.1a and 5.1b).  The actual Au content in 
MWNT/PyPBI/Au was found to be ~18% by weight (Figure 5.1c).   
 
Figure 5.1 (a) Representative transmission electron microscopy image, (b) size histogram (100 
particles), and (c) thermogravimetric analysis (10 °C minute-1 in air), for the as synthesized 
MWNT/PyPBI/Au catalyst.  Reprinted with permission from ACS Energy Lett. 3, 193-198, (2018).  
Copyright 2018, American Chemical Society. 
 
 The MWNT/PyPBI/Au catalyst was then deposited onto a GDL via an automated airbrush 
method38, with a final loading of 1.0 ± 0.1 mg cm-2 (Au ~0.18 mg cm-2).  The electrochemical 
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characterization of the MWNT/PyPBI/Au coated GDL was performed in a flow electrolyzer 
(Supplementary Figure 5.1)29, with a CO2 flow rate (FCO2) of 17 sccm and an electrolyte flow 
rate of 0.5 mL min-1.  The cathodic CO2 electroreduction was coupled to the anodic O2 evolution 
on an iridium oxide (IrO2) coated GDL to lower |ηcell|45. 
 The MWNT/PyPBI/Au cathode in combination with the IrO2 anode and 2.0 M KOH 
electrolyte shows an onset cell, cathode potential of just -1.50 V (ηcell ~-0.25 V) and -0.04 V vs. 
RHE (cathode overpotential (ηcathode) ~-0.02 V), respectively, for the electroreduction of CO2 to 
CO (Figures 5.2a and 5.2b; see Supplementary Table 5.1 for ηcell and ηcathode calculation).  The 
onset potential (cell or cathode) is defined as the least negative potential (cell or cathode) at which 
CO is first observed in the gas chromatograph with a signal to noise ratio greater than 3.  The 
electrochemical system also exhibits high activity at low cell and cathode potentials with jCO as 
high as, for example, 99 and 158 mA cm-2 being obtained at a cell potential of only -2.00 and 
-2.25 V, and a cathode potential of just -0.42 and -0.55 V vs. RHE (Figure 5.2b).  The values 
correspond to a high mass activity for CO (548.8 and 877.5 A gAu-1) at high energetic efficiencies 
(63.8 and 49.4%) (Table 5.1).  The MWNT/PyPBI/Au catalyst exhibits a 2 to 5x improvement in 
total current density (jTotal) and 3.5 to 7x improvement in jCO over commercially available 
surfactant free Au nanoparticles (size: <100 nm, loading = 0.18 ± 0.02 mg cm-2) (Figures 5.2a 
and 5.2b).  Meanwhile, the MWNT/PyPBI support (loading = 1.0 ± 0.01 mg cm-2) does not show 
any activity towards CO production (Figure 5.2b).  The improved performance can be attributed 
to a combination of: (i) small Au particles with a narrow size distribution, (ii) high 
electrochemically active surface area of the MWNT/PyPBI/Au catalyst due to the unique ability 
of the pyridine containing PyPBI to provide nucleation sites for the deposition and growth of the 
Au nanoparticles, as well as (ii) high electrical conductivity of the MWNT support16,17,23,41-43.  To 
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the best of our knowledge, these results represent the lowest onset cell and cathode potential along 
with some of the highest jCO, mass activity at low cell and cathode potentials for the 
electroreduction of CO2 to CO (see Supplementary Figure 5.2 for a comparison with the 
literature).   
 
Figure 5.2 (a) Total current density (jTotal) and (b) partial current density for CO (jCO) as a function 
of the cell, cathode potential when using MWNT/PyPBI/Au, MWNT/PyPBI, and commercially 
available Au nanoparticles (Au NP) as the cathode catalyst (electrolyte: 2.0 M KOH), as well as 
jCO as a function of the cathode potential for the MWNT/PyPBI/Au cathode catalyst when using 
(c) three different concentrations of KOH and (d) 2.0 M KOH, K2CO3, KHCO3, KCl as the 
electrolyte.  Anode = IrO2.  Reprinted with permission from ACS Energy Lett. 3, 193-198, (2018).  
Copyright 2018, American Chemical Society. 
 
Table 5.1 Cathode potential, Faradaic efficiency (FECO), mass activity, and energetic efficiency 
(EECO) for the electroreduction of CO2 to CO on a MWNT/PyPBI/Au cathode catalyst, at different 
















–1.50 –0.04 73.8 9.6 61.4 
–1.60 –0.13 92.4 42.5 73.2 
–1.70 –0.22 98.3 123.2 74.1 
–1.80 –0.29 98.2 251.0 70.4 
–2.00 –0.42 98.2 548.8 63.8 
–2.25 –0.55 85.0 877.5 49.4 
–2.50 –0.72 63.6 1127.5 33.3 
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 Electrolyte (KOH) concentration was found to play a crucial role in the process with a 1.5 to 
2x improvement in jCO being observed when moving from 1.0 to 2.0 M KOH (Figure 5.2c).  
However, the improvement in jCO on further increasing the concentration to 3.0 M KOH was less 
significant, especially at cathode potentials >-0.7 V vs. RHE.  The electrolyte anion/pH was found 
to be important as well with a less negative onset cathode potential (hence low |ηcathode|) and a 
higher jCO at low |ηcathode| being observed when using KOH in comparison to K2CO3, KHCO3, or 
KCl (Figure 5.2d and Table 5.2).  Previously, we demonstrated a similar lowering of |ηcathode| and 
an improvement in jCO on increasing the electrolyte pH and changing the anion from Cl– to HCO3– 
and OH–, for CO2 electroreduction on Ag nanoparticle coated GDLs.33-35  The results were 
rationalized on the basis of: (1) slower kinetics of the parasitic H2 evolution reaction at high pH,35,46 
and (2) the ability of anions (Cl–, sulfonates, etc.) to specifically adsorb to the catalytic Ag surface 
and destabilize the rate determining CO2- radical.34  While the improvement in jCO at low |ηcathode| 
in case of the MWNT/PyPBI/Au catalyst with a KOH electrolyte can still be explained by inhibited 
H2 evolution in alkaline media, the shift in onset potential for CO is hard to explain using the 
specific anion adsorption effect.  This is because the potential of zero charge (pzc) for Au (~0.2 V 
vs. SHE) is much more positive than Ag (-0.5 to -0.8 V vs. SHE)47 as well as the operating 
potentials for CO2 electroreduction (cathode potentials <-0.8 V vs. SHE, Table 5.2), suggesting 
that specific anion adsorption might be relevant for Ag but should not be a factor for Au.   
Table 5.2 Onset cathode potential for the electroreduction of CO2 to CO, when using Ag 
nanoparticles, MWNT/PyPBI/Au as the cathode catalyst and 2.0 M KOH, K2CO3, KHCO3, or KCl 
as the electrolyte.  Anode: IrO2. 
Electrolyte pH 
Onset cathode potential for CO (V) 
Ag nanoparticles34 MWNT/PyPBI/Au 
vs. RHE vs. SHE vs. RHE vs. SHE 
2.0 M KOH 13.77 –0.13 –0.94 –0.04 –0.84 
2.0 M K2CO3 12.53 –0.23* –0.97* –0.12 –0.85 
2.0 M KHCO3 8.59 –0.46 –0.97 –0.35 –0.85 
2.0 M KCl 6.54 –0.60 –0.99 –0.46 –0.84 
* Values originally not reported in ref 34 but acquired for this work under identical experimental conditions, to complete the dataset. 
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 A closer look at the onset cathode potentials for CO production on MWNT/PyPBI/Au (this 
work) and Ag nanoparticles (from the literature)34 shows that for a given catalytic material, the 
values were similar for all the electrolytes/pH vs. SHE but different vs. RHE (Table 5.2).  Note 
that the onset cathode potentials are nearly identical with or without iR correction (Supplementary 
Table 5.1).  Revisiting the potential (E)-pH (Pourbaix) diagrams for elementary electrochemical 
steps i.e., electron transfer and concerted proton electron transfer (Supplementary Figure 5.3) 
indicates that the potential remaining constant on the SHE scale irrespective of pH is the 
characteristic of an electron transfer step48,49.  As the onset potential for a product is determined 
by the rate determining step (rds), we hypothesize that the rds for the electroreduction of CO2 to 
CO should be electron transfer in contrast to the commonly assumed concerted proton electron 
transfer for computational (DFT) studies of CO2 electroreduction50.  To further verify our 
hypothesis, we performed a kinetic isotope effect study (Supplementary Information).  If protons 
were involved in the rds, then differences in activity for CO production should be observed when 
using protonated vs. deuterated electrolytes51-54.  However, the Tafel plots for CO formation in 
both the protonated and deuterated electrolytes were found to be nearly identical (Supplementary 
Figure 5.4) indicating that protons are not involved in the rds. Hence, electron transfer should 
indeed be the rate determining step.   
 The elementary steps describing the electroreduction of CO2 to CO on transition metal surfaces 
under neutral to alkaline pH can be written as follows:8,55 
CO2 + e- + [*] à CO2-(ads) 5.1 
CO2-(ads) + H2O à COOH(ads) + OH- 5.2 
COOH(ads) + e- à COOH-(ads) 5.3 
COOH-(ads) à CO(ads) + OH- 5.4 
CO(ads) à CO(g) + [*] 5.5 
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where [*] denotes an active site.  Of the 5 steps, only Equations 5.1 and 5.3 represent an electron 
transfer step.  If Equation 5.1 or Equation 5.3 were the rds, the Tafel slope should be 116 and 39 
mV decade-1, respectively (Supplementary Information).  The Tafel slopes for all the electrolytes 
studied in this work were in between 115 and 133 mV decade-1 in the kinetically controlled regime 
(Figure 5.3a), indicating the rate determining step to be Equation 5.1.  In contrast, the overall 
electroreduction of CO2 to CO is pH dependent, resulting in a lower |ηcathode| and hence a positive 
shift in onset potentials at high pH (Figure 5.3b).   
 
Figure 5.3 (a) Tafel slopes for the electroreduction of CO2 to CO when using 2.0 M KOH, K2CO3, 
KHCO3, or KCl as the electrolyte.  Cathode: MWNT/PyPBI/Au, anode = IrO2.  (b) E-pH 
(Pourbaix) diagram for the electroreduction of CO2 to CO depicting pH independence of the onset 
cathode potentials (hence, rate determining step (rds)) vs. pH dependence of the overall process.  
Note, rds MWNT/PyPBI/Au and rds Ag NP denote the rate determining step for the 
MWNT/PyPBI/Au and Ag nanoparticle catalyst, respectively.  Reprinted with permission from 




 Note, that the equilibrium potential associated with Equation 5.1 i.e., the formation of CO2-(ads) 
(-1.9 V vs. SHE)27 is much more negative than the onset potential of -0.84 to -0.85 V vs. SHE 
and -0.94 to -0.99 V vs. SHE for CO production on MWNT/PyPBI/Au and Ag nanoparticles, 
respectively.  The large difference can be interpreted according to a hypothesis originally proposed 
by Hori and co-workers i.e., the stabilization of CO2-(ads) on transition metals is possible at 
potentials more positive than -1.9 V vs. SHE due to the back donation of electrons from the highest 
occupied d orbital of the metallic catalyst to the lowest unoccupied antibonding orbital of 
CO2-(ads)8,9.  Different materials can facilitate this back donation to a different extent, thus 
determining their catalytic properties.  Interestingly, we do observe this phenomenon in our 
experiments in terms of a different onset potential for CO production on MWNT/PyPBI/Au (more 
positive value, hence better catalyst) in comparison to Ag nanoparticles (Table 5.2 and Figure 
5.3b). 
 Next, we investigated the durability of the MWNT/PyPBI/Au coated GDL using a 2.0 M KOH 
electrolyte and an IrO2 anode, in a flow electrolyzer.  Electrochemical experiments were performed 
at a constant cathode potential of -1.45 V vs. Ag/AgCl (-0.44 V vs. RHE) for 8 h to achieve 
realistic operating conditions of jCO >100 mA cm-2 and FECO >90%.  During preliminary 
experiments using FCO2 = 17 sccm, we observed electrolyte flooding through the GDL leading to 
blockage of the CO2 feed line due to carbonate precipitation (demonstrated by sharp fluctuations 
in jTotal in Supplementary Figure 5.5a and visible precipitates in Supplementary Figure 5.5b).  
Increasing F CO2 to 75 sccm eliminated this problem as evidenced by the absence of sharp jTotal 
fluctuations (Supplementary Figure 5.5).  The result can be attributed to a better pressure balance 
at the gas-electrode-electrolyte interface.  However, at the end of the experiment, traces of 
carbonate precipitate (that can impede the transport of CO2 and electrons to the catalytic sites) 
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were observed on the macroporous layer of the GDL.  Hence, to avoid degradation effects related 
to electrolyte flooding/carbonate precipitation, and thus truly assess the durability of the 
MWNT/PyPBI/Au coated GDL, we repeated the experiment at F CO2 = 75 sccm with a wash of the 
macroporous layer of the GDL with de-ionized (DI) water at intervals of 2.5 h.  The 
electrochemical system showed considerable durability during the test, with FECO remaining 
nearly constant over the 8 h period (Figure 5.4a).  jTotal was relatively stable with the value 
changing from ~111 mA cm-2 at the end of 1 h to ~103 mA cm-2 at the end of 8 h (~7% drop).  
Interestingly, the FECO improved from 86% to 90% after the first wash of the GDL with DI water 
(Figure 5.4a), indicating that carbonate precipitation indeed affects electrochemical performance.  
The MWNT/PyPBI/Au catalyst (final Au size = 3.6 ± 1.4 nm) was also stable during the 8 h run 
(Figures 5.4b and 5.4c). 
 
Figure 5.4 (a) Variation in the total current density (jTotal) and Faradaic efficiency for CO (FECO) 
with time at a constant cathode potential of -0.44 V vs. RHE.  Cathode: MWNT/PyPBI/Au, anode: 
IrO2, electrolyte: 2.0 M KOH.  (b) Representative transmission electron microscopy image, and 
(c) size histogram (100 particles) for the MWNT/PyPBI/Au catalyst after 8 h.  Reprinted with 





 In summary, we have shown that an electrochemical system comprising of a 
MWNT/PyPBI/Au coated GDL cathode, IrO2 coated GDL anode, and 2.0 M KOH electrolyte 
exhibits high activity for the electroreduction of CO2 to CO at low overpotentials.  Specifically, 
the electrochemical system exhibits an onset cell potential of just -1.50 V, an onset cathode 
potential of just -0.04 V vs. RHE, and jCO as high as 99 and 158 mA cm-2 at corresponding 
energetic efficiencies for CO of 63.8 and 49.4%.  The electrochemical system also showed 
considerable durability over 8 h.  While the results reported here seem promising, future work 
should focus on extending the durability of the electrochemical system to >3000 h, if one were to 
truly demonstrate industrial relevance.  An issue of special concern would be to develop methods 
that can eliminate carbonate formation and/or regenerate the spent electrolyte in alkaline CO2 
electroreduction systems.  Possible solutions include but are not limited to: (i) utilizing an anion 
exchange membrane electrolyzer, or (ii) reacting the formed potassium carbonate with slaked lime 
(Ca(OH)2) to regenerate the KOH in solution and precipitate out calcium carbonate.  However, 
additional technoeconomic analyses need to be performed to understand the cost effectiveness and 
energy efficiency of such proposed systems.  From a fundamental reaction mechanism perspective, 
we used a combination of the onset cathode potential data, kinetic isotope effect, and Tafel slopes 
to show that the rate determining step for the electroreduction of CO2 to CO is a pH independent 
electron transfer step involving the formation of the adsorbed CO2- radical.  As a result, increasing 
electrolyte pH might be an effective way of lowering the high |ηcathode| requirement.   
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5.6 Supplementary Information 
Flow Electrolyzer Design 
 
Supplementary Figure 5.1 Schematic illustration of the flow electrolyzer used to study the 
electroreduction of CO2 to CO in this work.  Reprinted with permission from ACS Energy Lett. 
3, 193-198, (2018).  Copyright 2018, American Chemical Society. 
Calculation of the Faradaic Efficiency and Partial Current Density 
The Faradaic efficiency (FE) for CO production was calculated per the equation: 
FE (%) = 
znF
Q
 x 100 5.S1 
where: z = number of electrons exchanged in the reaction (2 for CO2 à CO) 
n = number of moles of product formed (obtained from the gas chromatograph data using 
product calibration curves) 
F = Faraday’s constant (96485 C mol-1)  
Q = amount of charge passed (obtained from the current data reading from the potentiostat) 
The partial current density was then obtained by multiplying the Faradaic efficiency with the 
average current density. 
Calculation of the Overpotential 
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η = E - Eeq 5.S2 
where: E = applied potential 
Eeq = thermodynamic equilibrium potential (estimated using the Nernst equation) 
The overall cell reaction involving the electroreduction of CO2 to CO at the cathode and the 
oxidation of water to O2 at the anode can be represented by the equation CO2 à CO + 0.5O2.  
Assuming the gases in the system behave as an ideal gas, and that the O2 pressure (PO2) = 1 atm 
(the anode side of the electrolyzer is open to the atmosphere), the expression for the cell 
overpotential (ηcell) can be written using Equation 5.S2 and the Nernst equation as follows: 






where: Ecell = applied cell potential 
E0cell = standard cell potential (–1.34 V for the electroreduction of CO2 to CO coupled to 
O2 evolution reaction) 
R = universal gas constant (8.314 J K-1 mol-1) 
T = temperature (293 K) 
z = number of electrons exchanged in the reaction (2 for CO2 à CO) 
F = Faraday’s constant (96485 C mol-1) 
PCO = partial pressure of CO 
PCO2 = partial pressure of CO2 
PCO and PCO2 can be expanded as xCOPTotal and xCO2PTotal respectively, resulting in Equation 5.S4. 




where: xCO = mole fraction of CO 
xCO2 = mole fraction of CO2 
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PTotal = total pressure 
For the cathodic half-cell reaction involving the electroreduction of CO2 to CO (i.e., CO2 + 2e– + 
H2O à CO + 2OH–), the expression for the cathode overpotential (ηcathode) can be written using 
Equation 5.S2 and the Nernst equation as follows: 




where: Ecathode = applied cathode potential (vs. RHE) 
E0cathode = standard reduction potential for the cathode reaction (–0.109 vs. RHE for the 
electroreduction of CO2 to CO) 
The ratio between xCO and xCO2 required to calculate ηcell, ηcathode can be obtained from the gas 
chromatograph data.  Examples of the xCO/xCO2 data along with the calculation of ηcell, ηcathode, 
when using MWNT/PyPBI/Au as the cathode catalyst, IrO2, as the anode catalyst, and 2.0 M KOH, 




Supplementary Table 5.1 Cell potential, cathode potential, iR corrected cathode potential, total 
current density (jTotal), partial current density for CO (jCO), ratio between the mole fraction of CO 
(xCO) and CO2 (xCO2), cell overpotential (ηcell), cathode overpotential (ηcathode), and iR corrected 
cathode overpotential for the electroreduction of CO2 to CO when using MWNT/PyPBI/Au as the 
cathode catalyst, IrO2 as the anode catalyst, and 2.0 M KOH, K2CO3, KHCO3, or KCl as the 
electrolyte. 




























2.0 M KOH 13.77 335 
–1.50 –0.04 –0.04 2.35 1.73 0.0007 –0.25 –0.02 –0.02 
–1.60 –0.13 –0.13 8.28 7.65 0.0031 –0.33 –0.09 –0.09 
–1.70 –0.22 –0.21 22.56 22.17 0.0092 –0.42 –0.17 –0.16 
–1.80 –0.29 –0.28 46.00 45.18 0.0189 –0.51 –0.23 –0.22 
–2.00 –0.42 –0.40 100.55 98.78 0.0424 –0.70 –0.35 –0.33 
–2.25 –0.55 –0.51 185.84 157.94 0.0706 –0.94 –0.47 –0.43 




–1.70 –0.12 –0.12 2.8 1.34 0.0006 –0.45 –0.10 –0.10 
–1.80 –0.19 –0.19 6.8 3.46 0.0014 –0.54 –0.16 –0.16 
–1.90 –0.25 –0.24 15.1 10.25 0.0043 –0.63 –0.21 –0.20 
–2.00 –0.30 –0.29 27.5 20.66 0.0086 –0.72 –0.25 –0.24 
–2.10 –0.36 –0.34 43.5 35.03 0.0148 –0.81 –0.30 –0.28 
–2.25 –0.44 –0.41 74.3 60.60 0.0258 –0.96 –0.37 –0.34 
–2.50 –0.57 –0.51 132.3 107.98 0.0476 –1.20 –0.49 –0.44 




–1.90 –0.35 –0.35 3.9 1.58 0.0007 –0.65 –0.33 –0.33 
–2.00 –0.40 –0.40 7.0 4.03 0.0017 –0.74 –0.37 –0.37 
–2.10 –0.44 –0.44 12.0 7.77 0.0032 –0.83 –0.41 –0.40 
–2.25 –0.53 –0.51 24.1 16.54 0.0069 –0.97 –0.48 –0.47 
–2.50 –0.68 –0.64 54.7 49.54 0.0210 –1.21 –0.62 –0.58 
–2.75 –0.87 –0.80 98.9 87.06 0.0375 –1.45 –0.80 –0.73 
–3.00 –0.95 –0.84 161.5 125.15 0.0557 –1.70 –0.88 –0.77 
2.0 M KCl 6.54 175 
–2.10 –0.46 –0.46 1.9 1.30 0.0005 –0.85 –0.45 –0.45 
–2.20 –0.53 –0.53 6.5 4.60 0.0019 –0.94 –0.50 –0.50 
–2.30 –0.61 –0.60 16.5 11.33 0.0047 –1.03 –0.56 –0.56 
–2.40 –0.68 –0.67 31.8 20.33 0.0085 –1.12 –0.63 –0.62 
–2.50 –0.75 –0.73 51.4 33.32 0.0140 –1.21 –0.69 –0.67 
–2.75 –0.93 –0.88 122.3 76.74 0.0334 –1.45 –0.87 –0.82 




Calculation of the Energetic Efficiency for the Electroreduction of CO2 to CO 
The energetic efficiency (EE) for the electroreduction of CO2 to CO was calculated per the 
following equation: 




where: FECO = Faradaic efficiency for CO (%) 
Eeq,cell = thermodynamic equilibrium potential (estimated using the Nernst equation) 
Ecell = applied cell potential 
Comparison of the Performance Reported in this Work with the Literature 
 
Supplementary Figure 5.2 A comparison of the results reported in this work (red) with the 
literature data (black) in terms of the total current density (jTotal) as a function of the (a) cell and 
(b) cathode potential, as well as the (c) partial current density for CO (jCO) and (d) mass activity 
as function of the cathode potential.  Reprinted with permission from ACS Energy Lett. 3, 193-




E-pH (Pourbaix) Diagram for Elementary Electrochemical Steps 
 
Supplementary Figure 5.3 E-pH (Pourbaix) diagram depicting the (a) pH independence of an 
electron transfer step and (b) pH dependence of a concerted proton electron transfer step.  
Reprinted with permission from ACS Energy Lett. 3, 193-198, (2018).  Copyright 2018, American 
Chemical Society. 
 
Kinetic Isotope Effect Study of CO2 Electroreduction on MWNT/PyPBI/Au 
 The kinetic isotope effect (KIE) study to evaluate the role of protons and electrons in the rate 
determining step of CO2 electroreduction was performed in a dual electrolyte channel flow 
electrolyzer with an anion exchange membrane (Fumapem FAA-3-PK-75) separating the catholyte 
and the anolyte chamber (Supplementary Figure 5.4a).  To eliminate KIE effects due the anodic 
O2 evolution reaction, the electroreduction of CO2 under deuterated conditions was performed 
using 2.0 M NaOD (product number: 176788, purity: 99.9 atom % D, supplier: Aldrich) in D2O 
(product number: 151882, purity: 99.9 atom % D, supplier: Aldrich) as the catholyte and 2.0 M 
NaOH (product number: 221485, purity: ³97%, supplier: Sigma Aldrich) as the anolyte.  For the 
control experiments, 2.0 M NaOH was used as both the catholyte and the anolyte.  NaOD instead 
of KOD was chosen as the electrolyte due to lower cost and easier availability.  The remaining 
parameters for the electrochemical experiments were identical to that mentioned in the 
experimental methods.  The results of the electrochemical experiments show that the Tafel plot for 
















A + e− ↔ A−
Concerted proton 
electron transfer




indicating the rate determining step to be electron transfer i.e., the step does not involve protons 
(Supplementary Figure 5.4b). 
 
Supplementary Figure 5.4 (a) Schematic illustration of the dual electrolyte channel flow 
electrolyzer used to perform the kinetic isotope effect study.  (b) Tafel plot representing the 
variation in cathode overpotential (|hcathode|) with the partial current density for CO (jCO) when 
using 2.0 M NaOD and 2.0 M NaOH as the catholyte.  Cathode: MWNT/PyPBI/Au, anode = IrO2, 
and anolyte = 2.0 M NaOH.  Reprinted with permission from ACS Energy Lett. 3, 193-198, (2018).  
Copyright 2018, American Chemical Society. 
 
Theoretical Tafel Slope Calculation for the Different Possible Rate Determining Steps 
Case 1: If Equation 5.1 is the rate determining step 




where, E = Eeq + h 
k1 = rate constant for Equation 5.1 
θ = total coverage of the active sites 
a = symmetry factor 




Assuming q à 0 (active sites minimally occupied), a = 0.5, T = 293 K: 
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where, k3 = rate constant for Equation 5.3 
a3 = symmetry factor for Equation 5.3 
Assuming steps 1 and 2 are in equilibrium: 
k1PCO2 1 – θ exp(
–α1F
RT





where, k1 = forward rate constant for Equation 5.1 
k-1 = backward rate constant for Equation 5.1 
a1 = symmetry factor for Equation 5.1 
and 
k2[CO2(ads)
– ] H2O  = k–2[COOHads][OH
–] 
where, k2 = forward rate constant for Equation 5.2 
k-2 = backward rate constant for Equation 5.2 
Thus, 







where, K1 = equilibrium constant for Equation 5.1 = k1/k-1 
K2 = equilibrium constant for Equation 5.2 = k2/k-2 
Thus, 







where, E = Eeq + h 
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jCO = zFk3K1K2PCO2 1 – θ exp(






Assuming q à 0 (active sites minimally occupied), a3 = 0.5, T = 293 K: 






 ≈ 39 mV decade-1 5.S10 
Durability Testing of the MWNT/PyPBI/Au Cathode Catalyst at Different CO2 Flow Rates 
 
Supplementary Figure 5.5 (a) Total current density (jTotal) as a function of time, for the 
electroreduction of CO2 to CO, when using 3 different CO2 flow rates.  Cathode: 
MWNT/PyPBI/Au, anode: IrO2, electrolyte: 2.0 M KOH.  The sharp fluctuations in the current 
correspond to blockages in the gas line due to electrolyte flooding and the subsequent precipitation 
of carbonates on the GDL electrode.  (b) Image of the macroporous layer side of the GDL electrode 
showing carbonate precipitation (circled in red) after continuous operation for 2.5 h at FCO2 = 17 
sccm.  Reprinted with permission from ACS Energy Lett. 3, 193-198, (2018).  Copyright 2018, 
American Chemical Society. 
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Conclusions and Future Directions 
 The electroreduction of carbon dioxide (CO2) to value-added carbon chemicals such as carbon 
monoxide (CO), formic acid (HCOOH), ethylene (C2H4), and ethanol (C2H5OH) has the promise 
to serve as a sustainable approach for utilizing and/or reducing excess anthropogenic CO2 
emissions.  This dissertation made several key contributions to the area by analyzing the CO2 
electroreduction process from both a system level technoeconomic perspective and a molecular 
level mechanistic perspective, leading to the development of several new electrochemical systems 
that exhibit high levels of activity for the electroreduction of CO2 while reducing the energy 
requirements.   
 Chapter 2 of this dissertation introduced a gross-margin based economic model to perform 
one of the first technoeconomic evaluations of CO2 electroreduction.  The gross-margin model 
was further used to identify the most economically viable products of CO2 electroreduction and to 
quantify the electrochemical performance benchmarks (such as operating current density, 
operating cell potential, Faradaic efficiency, and catalyst durability) required for the same.  
Learning from the technoeconomic insights gained in Chapter 2, a new electrochemical process 
that combines the electrooxidation of glycerol (a waste product of biodiesel production) with the 
electroreduction of CO2, was reported in Chapter 3, with the resulting process requiring 37-53% 
less electricity than the state of the art conventional systems that utilize the combination of the O2 
evolution reaction with the electroreduction of CO2.  In Chapter 4, the effect of different 
electrolytes on the electroreduction of CO2 to CO on silver nanoparticles was reported, with the 
optimal electrolyte composition (high concentrations of potassium hydroxide, KOH) improving 
the state of the art activity for CO production by almost 4x and resulting in activity levels as high 
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as 440 mA cm–2.  In Chapter 5, sub 5-nm gold nanoparticles supported on polybenzimidazole 
wrapped carbon nanotubes were reported as catalysts for the electroreduction of CO2 to CO in 
alkaline media, with the resulting electrocatalytic system exhibiting the highest activity (>150 mA 
cm–2) at low cell overpotentials (<1 V) ever reported in the literature.  The high performing 
electrochemical system was further used to provide insights into the reaction mechanism and 
durability of CO2 electroreduction in an alkaline flow electrolyzer.   
 The results and discussion reported in this dissertation point to several research questions that 
can be pursued as directions for future work: 
(1) Evaluating the prospects of CO2 electroreduction for energy storage 
The technoeconomic evaluation in Chapter 2 analyzed the prospects of CO2 
electroreduction for producing value-added carbon chemicals.  A logical next step would 
be to extend such an analysis to evaluate the prospects of CO2 electroreduction for storing 
intermittent renewable energy.  The technoeconomic analysis can be used to answer 
questions like: (i) what are the most economically attractive products of CO2 
electroreduction (HCOOH, CO, CH4, C2H5OH, etc.) for energy storage or for use as a 
vector for transporting energy across different geographic regions?  (ii) what round trip 
energy efficiencies will be required to match the performance of the most competitive 
energy storage technologies such as pumped hydro, compressed air, batteries, and redox 
flow batteries? (iii) how does the cost of energy storage (in $ kWh-1) using CO2 
electroreduction compare to the aforementioned energy storage technologies as well as 
the U.S. DOE targets for grid-scale energy storage1?  The technoeconomic analyses 
suggested above can be complemented with an electrochemical study that couples the 
electroreduction of CO2 to the energy carrier of choice with the electrooxidation of the 
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energy carrier in a fuel cell.  The study can be used to analyze the experimentally 
achievable: (i) round trip energy efficiency; (ii) energy density; and (iii) power density.  
Another interesting component of the process that should be explored is the degree of 
product separation and/or conversion required after the CO2 electroreduction step i.e., 
before the product stream is fed to a fuel cell to regenerate the stored electrical energy.  
The direct utilization of the CO2 electroreduction products in the downstream fuel cell 
would be ideal as the energy loss associated with product separation can be mitigated. 
(2) Further evaluation of alternatives to the O2 evolution reaction (OER) at the anode 
and electrocatalysts for the same 
Chapter 3 of this dissertation shows that identifying alternatives to the anodic OER with 
low energy requirements could be key for improving the technoeconomics of CO2 
electroreduction.  One example of a viable alternative at the anode is the electrooxidation 
of glycerol.  Future work in this area could focus on the identification of other alternatives 
such as common organic waste streams available at chemical plants or biomass derived 
platform chemicals2.  Also, realize that the results reported in Chapter 3 for the co-
electrolysis of CO2 and glycerol show that a minimum of ~0.5 V overpotential is 
necessary to drive the electrooxidation of glycerol at the anode.  Furthermore, a mixture 
of products (lactic and formic acid) were produced.  This indicates that significant 
advances can still be made in the co-electrolysis of CO2 and glycerol by developing more 
active and selective catalysts for the glycerol electrooxidation reaction.  In particular, Pt 
nanoparticles of varying sizes supported on different support materials 
(polybenzimidazole wrapped carbon nanotubes or graphene i.e., similar to the catalyst 
described in Chapter 5), Pt based bimetallics3, and transition metal carbides can be 
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explored as catalysts for the glycerol electrooxidation reaction.   
(3) Empirical correlations (lumped parameter models) for scaling CO2 electro-
reduction results obtained in a H-cell or a 3-electrode cell under neutral pH to a gas 
diffusion electrode based flow electrolyzer under alkaline pH 
Chapters 4 and 5 of this dissertation highlight the beneficial effects of using a gas 
diffusion electrode based alkaline flow electrolyzer for CO2 electroreduction.  The use of 
gas diffusion electrodes reduces mass transport limitations associated with the low 
solubility of CO2 in aqueous solutions while alkaline electrolytes were found to lower 
the overpotentials for CO2 electroreduction.  Unfortunately, the electrochemical 
performance of most CO2 reduction catalysts developed by other research groups in this 
field is investigated using a conventional H-cell or 3-electrode cell under neutral pH.  An 
interesting research project could thus be to develop empirical correlations or lumped 
parameter models that can translate the CO2 electroreduction activity of the most 
promising catalysts in the field obtained using a H-cell or a 3-electrode cell under neutral 
pH to a gas diffusion electrode based flow electrolyzer under alkaline pH.  To accomplish 
such a goal, the effect of crucial parameters such as the mass transport of CO2 as well as 
key intermediates (CO, glyoxal, formaldehyde, acetaldehyde, etc.) to the catalyst surface, 
electrolyte conductivity/cell resistance, and electric field strength (dependent on the 
electrolyzer dimensions) need to be further investigated.  Design of experiments to 
decouple such effects could include chronoamperometric studies with different loadings 
of commercially available and well-known Sn, Ag, and Cu nanoparticle catalysts (to 
decouple kinetic and mass transport) as a function of the cathode/cell potential and 
electrolyte pH (with and without iR correction to decouple conductivity effects).  Finally, 
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a comprehensive literature review will have to be performed to approximately scale the 
existing data to the flow electrolyzer data and thus demonstrate the true promise of 
different CO2 electroreduction catalysts.   
(4) Mechanistic insights into the promoter effects of alkali metal cations 
Chapters 4 and 5 of this dissertation shows the promise of utilizing high concentrations 
of alkali metal cations as promoters for the electroreduction of CO2 to CO.  In previous 
work, we have shown another alkali promotion effect i.e., large cations were found to 
improve CO production and suppress the parasitic H2 evolution reaction4.  Although, 
alkali promotion seems to be emerging as an interesting catalytic approach for improving 
the activity of CO2 electroreduction, rigorous mechanistic details are still lacking.  
Recently, some attempts have been made at trying to explain the alkali promotion effects, 
specifically the effect of cation size.  For example, Bell et al. attributed the improved CO 
production on increasing cation size to be a result of the improved buffer capability 
(characterized by a reduced pKa value) of large cations5, which can reduce the pH near 
the electrode surface and increase the local CO2 concentration.  The buffer capability was 
found to vary in the order Cs+ > Rb+ > K+ > Na+ > Li+.  However, such an explanation of 
reduced pH boosting CO2 electroreduction activity is not compatible with our results in 
Chapters 4 and 5 which demonstrate improved activity for CO production at high pH.  
In a more detailed computational work, Nørskov et al. used density functional theory 
(DFT) calculations to suggest that strong electric fields arising due to solvated alkali 
metal cations near the outer Helmholtz plane of the electrical double layer could stabilize 
some of the key polarizable CO2 electroreduction intermediates such as surface adsorbed 
CO2 and COOH on a Ag (111) surface6.  The electric field strength was shown to be as 
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high as ~–1 V/Å in the vicinity of the cations, but decayed to 0 V/Å at ~5 Å away from 
the center.  Such electric field effect studies were further extended by Bell et al. to explain 
the role of alkali metal cation size on the product selectivity of CO2 electroreduction on 
Cu (100)7.   
 Although, the studies described above that investigate the effect of electric field on CO2 
electroreduction seem interesting, a key drawback of such studies is that they do not 
consider the formation and stabilization of CO2•– in their analysis.  As Chapter 5 of this 
dissertation illustrates, the transfer of a single electron to CO2 forming CO2•– is probably 
the rate determining step for the reaction.  Hence, an interesting follow up to this 
dissertation and the electric field studies described above would be to study the effect of 
enhanced electric fields (generated either by high concentration of electrolyte or large 
cations) on the formation and stabilization of CO2•–.  From an experimental point of view, 
surface excess calculations can be performed to determine if high alkali concentrations 
(>1.0 M) lead to any further enhancement in the electric field or if the effects are already 
in the plateau region.  The experimental data (both jCO and Rct values) reported in 
Chapter 4 indicates the alkali promotion effect to be more prominent when moving from 
0.5 to 1.0 and 2.0 M electrolyte in comparison to when moving from 2.0 to 3.0 M 
electrolyte.  Hence, one should expect the surface excess to be more or less in the plateau 
region for concentrations beyond 2.0 M.  Further electrochemical experiments with 
electrolytes containing multivalent cations (Zn2+, Ca2+, Mg2+, etc.) can shed some more 
light on the role of cations on the electroreduction of CO2.  In situ surface X-ray scattering 
can be used to determine if the alkali metal cations (with different concentrations and 
size) are specifically adsorbed or exist as solvated molecules near the surface8.  Other 
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interesting experiments could include electrochemical impedance measurements to 
check if the double layer capacitance changes as a function of the cation concentration 
and size.  However, such experiments will have to be performed using conventional foil 
electrodes and not gas diffusion electrodes as the latter can introduce significant noise in 
the data due to bubble formation as demonstrated in Chapter 4.   
(5) In situ spectroscopic studies for understanding the durability and mechanism of 
CO2 electroreduction in a gas diffusion electrode based flow electrolyzer 
The electrochemical performance reported in Chapter 4 and 5 represent the new state of 
the art for the electroreduction of CO2 to CO.  To further improve the economic prospects 
of such electrochemical systems, their durability needs to be extended to more than 3000 
h.  But first, degradation factors that affect such electrochemical systems need to be 
identified.  One degradation factor that is already well known (as discussed in Chapter 
5) relates to the formation and precipitation of carbonates on the gas diffusion layer 
electrode when performing the electroreduction of CO2 using KOH as the electrolyte.  As 
highlighted in Chapter 5, possible solutions for eliminating carbonate precipitation 
could include: (i) utilizing an anion exchange membrane electrolyzer; or (ii) reacting the 
formed potassium carbonate with slaked lime (Ca(OH)2) to regenerate the KOH in 
solution and precipitate out calcium carbonate.  However, the slaked lime based 
electrolyte regeneration step will introduce another cost component and thus a 
technoeconomic analysis will be needed to validate such a pathway. 
 Another degradation mechanism relevant to electrochemical CO2 reduction systems 
could be the specific adsorption of reaction intermediates (*CO, *COOH, etc.) on the 
surface.  In situ spectroscopic methods such as attenuated total reflectance-surface 
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enhanced infrared spectroscopy (ATR-SEIRAS)9 or surface enhanced Raman 
spectroscopy (SERS) can be utilized to shed some light on the surface coverages of 
different species10,11.  However, previous spectroscopic studies in the area of CO2 
electroreduction have shown the detection and identification of surface species to be very 
difficult due to signal attenuation by gas bubbles on the electrode surface and the low 
surface coverages of key intermediates12.  Some of the results described in this 
dissertation can be directly utilized to address many of these issues.  Developing a 
spectroscopic gas diffusion electrode based flow electrolyzer with a flow by 
configuration (i.e., CO2 flows parallel and not perpendicular to the electrolyte flow) can 
alleviate the bubble formation issue.  To trap key reaction intermediates on the surface, 
one new and interesting approach could be to perform potentiostatic CO2 
electroreduction experiments with the sequential flow of an alkaline and neutral 
electrolyte.  As shown in Chapters 4 and 5, a ~0.5 V window (between –0.13 and –0.6 
V for Ag nanoparticles and –0.04 and –0.46 V for MWNT/PyPBI/Au) exists where the 
electroreduction of CO2 to CO occurs under alkaline pH but not under neutral pH.  In 
this proposed experiment, the electroreduction of CO2 in the spectroscopic flow 
electrolyzer can be first initiated using an alkaline electrolyte to generate the surface 
intermediates at a specific applied cathode potential.  Next, while maintaining the 
potential control, the electrolyte can be switched to a neutral pH which in turn will quench 
the CO2 electroreduction reaction but will trap the surface intermediates.  The CO2 flow 
can also be switched off if gas bubbles are still an issue in the flow by configuration.  
Design of experiments for this approach will have to focus on the choice of the cathode 
potential.  Ideally, the chosen potential should be one where CO2 electroreduction takes 
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place under the initial (alkaline) pH but not under the final (neutral) pH, and the H2 
evolution reaction is suppressed.   
(6) Understanding the implications of the rate determining step for CO2 
electroreduction being electron transfer on computational (DFT) studies 
Most density functional theory (DFT) based computational studies in the area of CO2 
electroreduction employ either the computational hydrogen electrode (CHE) model or 
the constant electrode potential (CEP) model6,13-15.  The CHE model is known to be not 
very effective in modeling electrolyte effects, particularly surface and electrolyte 
charge14.  The CEP model improves on investigating surface charge effects but leads to 
a higher computational cost.  More importantly, a key assumption made in describing 
both of these models is that the elementary electrochemical steps are always some 
variation of concerted proton electron transfer.  However, as demonstrated in Chapters 
4 and 5 of this dissertation, the rate determining step for the electroreduction of CO2 to 
CO on at least Ag nanoparticles and MWNT/PyPBI/Au is the transfer of a single electron 
to CO2 forming the CO2•– intermediate (hence, a single electron transfer step), which is 
in disagreement with most of the DFT based studies that use the CHE or the CPE model.  
This discrepancy raises the concern that we need to rethink about how to best design 
computational (DFT) studies for CO2 electroreduction.  In particular, we need to learn 
from experimental data to identify possible electron transfer steps (in addition to the 
commonly assumed concerted proton electron transfer) that could be rate determining.  
Quantum mechanical calculations can then be performed to look at the Gibbs free energy 
of the species involved in the hypothesized rate determining step under electrochemical 
conditions, specifically in the presence of electrolytes with solvated cations and anions.  
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The ultimate goal would be to understand and formulate reaction pathways that are 
compatible with experimental observations. 
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